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The focus of this study was to explore process-structure-property relationships in 
biodegradable polymer nanocomposite films in order to eliminate the commonly used 
trial and error approach to materials design and to enable manufacturing of composites 
with tailored properties for targeted applications. The nanofiller type and concentration, 
manufacturing method and compounding technique, as well as processing conditions 
were systematically altered in order to study the process-structure-property relationships. 
Polylactic acid (PLA) was used as the polymer and exfoliated graphite nanoplatelets 
(GNP), carbon nanotubes (CNT), and cellulose nanocrystals (CNC) were used as 
reinforcement. The nanocomposite films were fabricated using three different methods: 
1) melt compounding and melt fiber spinning followed by compression molding, 2) 
solution mixing and solvent casting, and 3) solution mixing and electrospinning followed 
by compression molding. Furthermore, the physical properties of the polymer, namely the 
crystallization characteristics were altered by using two different cooling rates during 
compression molding. The electrical response of the composite films was examined using 
impedance spectroscopy and it was shown that by altering the physical properties of the 
insulating polymer matrix, increasing degree of crystallinity, the percolation threshold of 
the GNP/PLA films is significantly reduced. Additionally, design of experiments was 
used to examine the influence of nanofiller type (CNT versus GNP), nanofiller content, 
and processing conditions (cooling rate during compression molding) on the elastic 
modulus of the composite films and it was concluded that the cooling rate is the primary 
factor influencing the elastic modulus of both melt compounded CNT/PLA and 
 xix 
GNP/PLA films. Furthermore, the effect of nanofiller geometry and compounding 
method was examined and it was shown that the high nanofiller aspect ratio in the 
CNT/PLA films led to decreased percolation threshold compared to the GNP/PLA films. 
The melt compounded GNP/PLA films displayed a lower percolation threshold than the 
solution cast GNP/PLA films most likely due to the more homogeneous distribution and 
dispersion of GNP in the solution cast films. Fully biodegradable and biorenewable 
nanocomposite films were fabricated and examined through the incorporation of CNC in 
PLA. Through the addition of CNC, the degree of crystallinity of the matrix was 
significantly increased. Focusing the design space through investigation of process-
structure-property relationships in PLA nanocomposites, can help facilitate 









1.1 Biodegradable Composites 
 The plastics industry is the third largest manufacturing industry in the United 
States [1]. Plastic consumption has reached more than 300 million tons annually world-
wide, with approximately 50% of this being used for disposable applications, where 
products are discarded within one year of purchase [2, 3]. Plastic disposal has been a 
widespread problem in recent years. Plastic waste causes ~$13 billion in damage to 
marine ecosystems annually due to littering and poor management and overflow of 
landfills [4]. Furthermore, the negative effect of plastics is not localized to marine 
ecosystems, recent studies have shown that the prolonged exposure to plastics, 
specifically bisphenol-A (BPA) and di-(2-ethylhexyl)phthalate (DEHP), has a negative 
effect on reproductive health [2]. Plastic waste is disposed of using four primary 
methods: landfills, incineration, recycling, and biodegradation [2, 5]. The use of landfills 
or even utilization methods such as incineration and recycling still pose threats to the 
global environment for today and for future generations. There is limited acceptable 
landfill space due to the rapid population growth and concern for future generations if 
landfills continue to be a primary source for plastic waste disposal. Incineration produces 
large amounts of carbon dioxide and sometimes toxic gases, which can cause global 
warming and global pollution, respectively [2, 5]. Recycling is sometimes seen as a 
solution to this problem of environmentally conscious plastic waste disposal; however it 
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comes with its own set of problems. The quality of recycled plastic is lower and the cost 
is higher for consumers due to increased expenditures of labor and energy during the 
recycling process, i.e. removal of waste, sorting, washing, drying, grinding etc. [2, 5]. 
There is an urgent need for the production and implementation of biodegradable and 
biorenewable plastics that can be made without any toxic components and can be 
naturally degraded. This has been the primary driver for researchers and engineers to 
further develop and tailor the properties of biodegradable polymers for widespread use 
[5]. 
 Biodegradable polymers are defined as polymers that mineralize due to 
microbially triggered chain scissions. There are a wide range of biodegradable polymers 
that can be derived through numerous methods. Generally, there are four categories of 
biopolymers [5, 6]: 1) biopolymer that are derived directly from the natural sources, such 
as cellulose and starch; 2) biopolymers synthesized from small molecules through the use 
of microorganisms like bacteria, such as polyhydroxybutyrate (PHB) or 
polyhydroxyalkanoate (PHA); 3) biopolymers created through polymerization of bio-
derived monomers, such as polylactic acid (PLA); and 4) biopolymers created through 
petroleum based sources, such as aliphatic and aromatic polyesters. In recent years, PLA 
has attracted attention due to its environmentally friendly and scalable production [5].  
1.2 Polylactic Acid, PLA 
 Polylactic acid (PLA) is a thermoplastic aliphatic polyester derived from 
sugarcane or cornstarch and is 100% biodegradable and biorenewable and has the 
chemical formula C3H4O2 and the chemical structure, seen in Figure 1.1. PLA is 
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produced through bacteria fermentation of D-glucose in corn, a renewable feedstock. The 
interest in production of PLA was pioneered by Carothers in 1932. However, Carothers’ 
initial aliphatic polyester produced from lactic acid had a low molecular weight and poor 
mechanical performance [7]. Over the years, further advances were made in 
manufacturing an aliphatic polyester from lactic acid. However, cost was the primary 
restriction outside of medical grade applications until the late 1980s when advances in 
bacteria fermentation decreased the cost of the previously used petrochemical-derived 









 The production of PLA begins with the extraction of starch from a bulk source, 
such as corn, sugarcane, sugar beets or rice. The starch is then converted to dextrose via a 
process called enzymatic hydrolysis. Dextrose is then fermented to lactic acid via 
acidulation and a series of purification steps [8]. PLA can be polymerized from lactic 
acid either via direct condensation or ring opening polymerization [8, 9]. In a direct 
condensation reaction, water is removed via condensation with the aid of a solvent in a 
high temperature and high vacuum environment [8]. However, the use of direct 
condensation is limited because it is difficult to achieve high molecular weight PLA due 
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to challenges removing trace amounts of water during polymerization [9]. Furthermore, 
the use of a solvent during synthesis has a negative environmental impact, as opposed to 
producing PLA in melt without the use of solvents [9]. The ring opening polymerization 
reaction begins with the removal of water from aqueous lactic acid via a condensation 
reaction without the use of solvent. This process produces a low molecular weight 
prepolymer. The prepolymer is converted to lactide by depolymerization through the use 
of a catalyst and the lactide is purified though vacuum distillation [8, 9]. High molecular 
weight PLA is produced via a solvent-free ring opening polymerization reaction. This 





Figure 1.2 Production of PLA via ring opening polymerization [8] 
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 Because lactic acid is a chiral molecule, there are two stereoisomers that exist: L-
isomer and D-isomer. These isomers can co-exist in a racemic mixture. For example, a 
chemically synthesized lactic acid mixture is typically 50% L-isomer and 50% D-isomer; 
however for fermentation derived lactic acid, a typical ratio is approximately 99.5% L-
isomer and approximately 0.5% D-isomer [8, 9]. Three potential types of lactide dimer 
exist: 1) D,D-lactide, which is also called D-lactide; 2) L,L-lactide, which is also called 
L-lactide; and 3) L,D-lactide or D,L-lactide, which is also called meso lactide [8]. These 









 Typically, PLA is degraded through a hydrolytic degradation process, usually 
occurring in two steps. First, the higher molecular weight polyester chains hydrolyze to 
low molecular weight oligomers. The second stage of degradation is facilitated by 
microorganisms that convert the oligomers into byproducts such as carbon dioxide and 
 6 
water [9]. The degradation process is affected by a number of factors including moisture, 
temperature, crystallinity, and the pH of the environment [9, 10].  
 While a there is a concern for the durability of PLA due to its hydrolysis in water 
and sometimes in highly humid conditions, PLA has properties comparable to petroleum 
based thermoplastics such as polystyrene (PS), polyethylene terephalate (PET), and 
polypropylene (PP) [7]. A property comparison summary is seen in Table 1.1. Properties 
such as the density and modulus of elasticity are very comparable with that of PET, while 
the elongation at break and flexural strength is closer to that of PS. PLA properties can be 
optimized and enhanced through the incorporation of various nanofillers. The use of 




Table 1.1 Property comparison of PLA, PET, PP, and PS [11-14] 
Property PLA PET PP PS 
Density [g/cm
3
] 1.2-1.3 ~1.4 ~0.94 ~1.1 
Melt temperature [°C] 145-155 ~246 ~160 ~222 
Glass transition [°C] 55-65 ~74 ~0  ~91 
Ultimate tensile strength [MPa] ~49 ~70 16-30 ~40 
Tensile strength, yield [MPa] ~45 ~62 ~32 ~33 
Elongation at break [%] ~21 ~68 ~154 ~14 
Modulus of elasticity [GPa] ~3.63 ~3.45 ~1.75 ~2.76 
Flexural Modulus [GPa] ~3.84 ~4.92 ~1.44 ~2.61 
Flexural Strength [MPa] 75-85 ~120 ~45 ~72 
Izod impact, notched [J/cm] ~1.6 0.40-0.65 0.48-0.77 0.50-0.53 
















 A nanofiller or nanoreinforcement is defined as a filler or additive with one 
dimension on the scale of 100 nm or less. Nanofillers can have a dramatic impact on the 
properties of the composite even at low concentrations. Due to their size, nanofillers have 
an extremely high surface area to volume ratio allowing for increased performance of the 
composite through increased matrix/filler interface with a minimal addition of filler. 
Nanofillers can reinforce significantly more efficiently compared to conventional fillers 
due to this high surface area to volume ratio. Nanofillers are divided into three main 
categories depending on their shape: nanoplatelets (one-dimensional geometry, seen in 
Figure 1.4a), nanofibers (two-dimensional geometry, seen in Figure 1.4b), and 





Figure 1.4 Schematic of the three primary geometries of nanofillers used in polymer 











A variety of nanofillers have been used to reinforce polymers including: ceramic 
nanofillers such as indium tin oxide [15] or silica nanoparticles [16], inorganic nanofillers 
such as nanoclays [17], organic nanofillers such as carbon nanotubes (CNT) [18] and 
exfoliated graphite nanoplatelets (GNP) [19] or even bio-based nanofillers derived from 
cellulosic materials [20]. There is a large focus on carbon based nanofillers due to their 
superior mechanical and electrical properties at a fraction of the weight of micro-size 
fillers. For example, CNT and GNP have an elastic modulus greater than 1 TPa and 
tensile strength 10-100 times greater than the strongest steel [18, 21]. In addition to 
superior mechanical properties, carbon based nanofillers have desirable electrical and 





S/m [22] and similarly, the electrical conductivity of GNP has been 
reported to be greater than 10
4 
S/m [21]. Furthermore, the thermal conductivity of CNT is 
extremely high and reported to be in the range of 2000 to 6000 W/m K [23] compared to 
typical insulating thermoplastics which usually display thermal conductivities in the 
range of 0.2 to 0.5 W/m K [23]. Both CNT and GNP based polymer composites have a 
wide range of potential applications including: electronics packaging, electromagnetic 
shielding, and sporting goods, to name a few.  
Furthermore, in recent years there has been a lot of work done to produce fully 
biodegradable composites using bio-based polymer, like PLA, and bio-based fillers, such 
as cellulose nanomaterials (CN) [20]. CNs are cellulose based nanoparticles isolated from 
bulk cellulose sources, such as wood or plants, and due to their unique combination of 
high mechanical and barrier properties, low density, low toxicity, and potential to be 
sustainably produced at industrial scale quantities at a reasonable price [24], CNs have 
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attracted attention as a polymer reinforcement in composite development for potential 
applications such as packaging, biomedical implants, and textiles [20, 25, 26]. Cellulose 
nanocrystals (CNC) are one type of CN and are rod-like particles (3-20 nm in width and 
50-500 nm in length) of highly crystalline cellulose (65-90%).  
While the inherent properties of the nanofiller used are important, the dispersion 
and distribution of the nanofiller are also critical components to how the nanofiller 
contributes to the bulk properties of the polymer composite. Due to the high surface area 
of nanofillers, the composite properties are highly dependent on the dispersion and 
distribution of nanofiller throughout the matrix. Maximizing filler dispersion and 
distribution to create homogeneous composites is a challenge with many nanofillers, due 
to their increased likelihood to aggregate compared to microscale fillers because of this 
high surface area. Dispersion and distribution are terms that are often used 
interchangeably; however, they are not the same. The dispersion refers to how the 
individual filler particles are arranged in relation to other filler particles, while 
distribution refers to how the filler as a whole is arranged in relation to the bulk 
composite. Figure 1.5 shows a schematic of the difference between dispersion and 
distribution. Controlling nanofiller distribution and dispersion is critical when 
engineering properties of polymer nanocomposites. There are three primary processing 
techniques used to help facilitate nanofiller distribution and dispersion [27]: 1) melt 






Figure 1.5 Schematic of a composite with a) good filler distribution and poor filler 
dispersion, b) good filler distribution and good filler dispersion, c) poor filler 





In melt compounding, a nanofiller is incorporated into a viscous polymer melt via 
shear mixing. Composites can then be produced via compression molding, extrusion, or 
injection molding. Melt processing is a scalable form of manufacturing that requires no 
harsh chemicals; however, the viscosity of many polymers is too high to homogeneously 
disperse the nanofiller in the matrix. The use of a twin screw is typically preferred over a 
single screw extruder for many composites due to its better dispersive mixing [28]. 
Furthermore, melt processing is often limited to thermoplastics with relatively low 
melting temperatures for ease of processing.  
Solution compounding involves dissolving the polymer in a solvent, adding the 
nanofiller into the polymer solution, and removing the solvent via controlled evaporation 
to obtain a composite powder. Alternatively, the nanofiller can be dispersed in a solvent 












added to the polymer solution. Solution compounding can be beneficial for filler 
dispersion because the polymer viscosity is reduced in solution; however, in many cases, 
solution compounding requires the use of toxic, harmful solvents that can be dangerous 
for humans, as well as detrimental to the environment. Furthermore, the aspect ratio of a 
nanofiller may be reduced with prolonged agitation and therefore, the composite 
properties can be reduced [29]. PLA has a high solubility in solvents such as chloroform, 
benzene, and methyl chloride [30]. Crystallization rate and kinetics can be altered by the 
solvent used. For example, using a solvent which enables high polymer-solvent 
interactions, such as chloroform, will lead to highly crystalline PLA [30].  
During in-situ polymerization, the nanofiller is first dispersed in a monomer and 
then the monomer is polymerized. In-situ polymerization is a desirable technique for 
polymer composite fabrication particularly when the polymer matrix is insoluble or has a 
very high melting temperature, therefore the composite cannot be produced via solution 
or melt processing [27]. Furthermore, high nanofiller loading can be achieved and 
chemical functionalization of the nanofiller can facilitate better interfacial adhesion 
between the nanofiller and matrix during polymerization [27]. However, in-situ 
polymerization cannot be achieved with all thermoplastic polymers and is mainly used 
with thermoset resins.  
The nanofiller dispersion and distribution can also be altered through 
functionalization of the nanofiller. Nanofillers like, GNP and CNT, can be particularly 
difficult to disperse in a polymer matrix like PLA due to their inherent interfacial 
chemistry. Many techniques have been previously studied to enhance polymer-nanofiller 
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interfacial interactions and augment PLA physical properties. These techniques include 
the use of nanofiller functionalization, coupling agents, and compatibilizers. 
Nanofillers are often functionalized in order to maximize interfacial compatibility 
with the polymer matrix. For example, GNP and CNT that are not functionalized can 
often lead to poor interfacial properties in PLA composites due to their hydrophobicity, 
which is in direct contrast with PLA’s affinity for water [31]. Functionalization of CNT 
through the addition of carboxylic acid is commonly used to enhance polymer/matrix 
interactions. Carboxylic acid can be added to the nanotube structure via direct attachment 
of the functional group or it can be introduced through inducing targeted defects [32]. 
While functionalization of the nanofiller can improve interfacial properties, it can also 
alter properties of the nanofiller and thus of the composite, such as electrical 
conductivity. As reported, untreated single-walled carbon nanotubes (SWNT) are good 
electrical conductors, while fluorinated SWNT display insulating behavior [33].   
Because PLA is non-polar, interfacial interactions between PLA and many 
nanofillers with polar functional groups are limited. Therefore, maleic anhydride (MA) is 
commonly used as a coupling agent to facilitate PLA/nanofiller interactions [34, 35]. 
Another coupling agent that is commonly used in bio-based polymer nanocomposites, 
particularly in CN/PLA composites, is silane. Due to the chemistry of silane it can bond 
to both polar nanofillers and to non-polar polymers, like PLA [36]. Furthermore, 
commonly used compatibilizers in PLA composites to help facilitate interfacial adhesion 
include liquid natural rubber (LNR) [37] and other thermoplastics, like PP or polymethyl 
methacrylate (PMMA), grafted with MA or other components [38, 39]. Due to its high 
ductility and biodegradability, LNR is used to increase PLA’s elongation at break [37]. 
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Compatibilizers may enhance the interfacial interactions between the nanofiller and the 
polymer matrix, but they can also alter overall performance of the polymer 
nanocomposite and must be chosen carefully.  
1.4 Research Motivation, Goals, and Objectives 
 This research aims to 1) fabricate and characterize PLA nanocomposite films and 
2) eliminate the trial and error style approach to materials design through the creation of a 
property roadmap that can lead to nanocomposites with tailored properties for targeted 
applications. This will be accomplished by systematically altering nanofiller type and 
concentration, fabrication technique and compounding method, as well as processing 
conditions.  
 To achieve the research goal, the following objectives have been identified: 
1) Investigate the effect of nanofiller concentration and nanofiller type on the 
composite film properties.  
2) Investigate the effect of compounding method, which alters the distribution and 
dispersion of the nanofiller, on the composite film properties. 
3) Explore the effect of the physical properties of the polymer, which can be altered 
by tuning the processing conditions, on the composite film properties. 
Figure 1.6 displays an overview of the research that will be presented.  
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 Polylactic acid (PLA, Mn = 1.42 x 10
4
 g/mol, semi-crystalline) in pellet form was 
purchased from Nature Works LLC, Minnetonka, Minnesota, U.S.A. (product name of 
PLA 3051D) was used as the matrix material. A detailed summary of PLA physical and 




Table 2.1 Physical and mechanical properties of Nature Works PLA 3051D pellets 
as reported by Nature Works [12] 
Physical Properties 
Specific Gravity 1.24 
Melt Index (g/10 min at 190°C) 10-30 
Relative Viscosity 3.0-3.5 
Crystalline Melt Temperature (°C) 145-155 
Glass Transition Temperature (°C) 55-65 
Clarity Transparent 
Mechanical Properties 
Tensile Yield Strength (MPa) 48 
Tensile Elongation (%) 2.5 
Notched Izod Impact (J/m) 0.16 
Flexural Strength (MPa) 83 










Exfoliated graphite nanoplatelets (GNP) were purchased from XG Sciences Inc., 
East Lansing, Michigan, U.S.A. (product name xGnP® Grade C). GNP particles consist 
of several graphene sheets arranged to have a platelet-like morphology, as seen in Figure 
2.1. The GNP supplied in dry powder form with no additional surface treatment has a 
specific surface area of ~750 m
2
/g, an average diameter between 1-2 μm, and a thickness 
on the order of 10 nm. A detailed summary of the typical properties of GNP particles are 















Table 2.2: Typical properties of GNP as reported by XG Sciences Inc. [41] 
Property Parallel to Surface 
Density (g/cc) 2.2 
Carbon Content (%) >99.5 
Thermal Conductivity (W/m K) 
3,000 (in-plane) 
6 (normal) 







Tensile Modulus (GPa) 1,000 
Tensile Strength (GPa) 5 










Multi-walled carbon nanotubes (MWNT) of greater than 95 wt% purity with a 30-
50 nm outer diameter were purchased from CheapTubes, Cambridgeport, Vermont, 
U.S.A. A detailed summary of the MWNT properties are listed below in Table 2.3. 




Table 2.3: Properties of MWNT as reported by CheapTubes [42] 
Multi-walled Carbon Nanotube Properties 
Outer Diameter (nm) 30-50 
Length (μm) 10-20 
Purity (wt%) >95 
Ash (wt%) <1.5 
Specific Surface Area (m
2
/g) >60 











 An unmodified aqueous suspension of cellulose nanocrystals (CNC) was 
purchased from the University of Maine Process Development Center and manufactured 
at U.S. Forest Service’s Cellulose Nanomaterials Pilot Plant at the Forest Products 
Laboratory, Madison, Wisconsin, U.S.A. The suspension was 11.9 wt% CNC/water and 
the CNC used were derived from dissolving pulp via sulfuric acid hydrolysis. The 
average length and width of the CNC were 6.4 ± 0.6 nm and 138 ± 22 nm, respectively 




 Figure 2.3 TEM image of CNC derived from wood pulp [20] 
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2.2 Manufacturing Methods 
2.2.1 Melt Compounding / Compression Molding, MC-CM 
First, the nanofiller (GNP, CNT, or CNC) was incorporated into the PLA polymer 
matrix via melt blending using a DSM 15cc Compounder (a vertical, co-rotating twin-
screw microextruder) at a screw speed of 150 RPM and an operating temperature of 
190°C (GNP and CNT composites) or 175°C (CNC composites) for approximately 3 
minutes. (Note that the CNC was incorporated via direct liquid feeding of the as-received 
CNC/water suspension.) The nanofiller/PLA mixture was then extruded out of a 0.8 mm 
orifice at a 15 RPM pull-out rate and melt spun into fibers of ~60-70 μm diameter (draw 
ratio of ~12). A schematic of the compounding process is shown in Figure 2.4.  By melt 
spinning fibers prior to compression molding, the nanofiller agglomeration size can be 
better controlled and minimized and partial control of the nanofiller 
orientation/distribution was achieved. The composite fibers with nanofiller content 
ranging from 0-15 wt% were then compression molded into films with a thickness of 
either ~160 μm or ~110 μm using a manual four-column 12 ton Carver hydraulic press 
(model 4122) with controlled cooling. As seen in Figure 2.4, the composite fibers were 
chopped and randomly oriented before placement in the mold, promoting anisotropy in 
the plane of the film. The fibers were softened on the heated platens for 5 minutes at 
180°C (GNP and CNT composites) or 3 minutes at 175°C (CNC composites) before a 
load of ~1 MPa was applied for 5 minutes (GNP and CNT composites) or 3 minutes 
(CNC composites). To minimize plastic deformation and thermal residual stresses, the 
samples were allowed to cool below the glass transition temperature (~50°C) before 
being removed from the mold. To investigate the effect of cooling rate during 
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compression molding, films were cooled at a non-linear rate following Newton’s law of 
cooling shown in Figure 2.5 of either an approximate average of 16 °C/min (fast cooling 
referred to as FC and achieved using cooling water, seen in Figure 2.5a) or 0.4°C/min 
(slow cooling referred to as SC and achieved using ambient temperature air cooling, seen 






Figure 2.4 Schematic of melt fiber spinning process and representative image of 











     
Figure 2.5 Compression molding cooling rates for a) fast cooling and b) slow cooling 
 
2.2.2 Solution Casting, SoC 
Dissolution of the polymer and solution casting was used as an alternative method 
to make the composite films in order to compare the effect of the manufacturing method 
on the properties of the films. A 20 wt% PLA/chloroform solution was prepared by 
stirring PLA pellets in chloroform on a hot stage for ~5 hours at ~30 °C. A 1 wt% 
suspension of GNP/chloroform was then sonicated at 30% amplitude for 30 minutes 
using a Misonix S-4000 ultrasonic processor with a 1/2ʺ probe size. The nanocomposite 
films were then fabricated by combining the 20 wt% PLA/chloroform solution and 1 wt% 
GNP/chloroform suspension at appropriate ratios to produce ~200 μm thick films of 0-15 
wt% GNP content. The films were then dried in a vacuum oven at ~45°C for ~10 days to 
remove any remaining solvent. Alternatively, the drying process was sped up by 
removing the solvent through hot pressing the films. 
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2.2.3 Electrospinning / Compression Molding, E-CM 
In addition to melt mixing and melt-spinning of composite fibers, fibers were also 
made using electrospinning. The electrospinning was performed in Dr. Mohammad 
Naraghi’s laboratory at Texas A&M University. A 10 wt% solution of PLA in 
chloroform was first prepared by stirring with low heat to dissolve the PLA pellets. The 
appropriate ratio of CNT to produce the desired composite composition was added to 
dimethylformamide (DMF) and sonicated for 3 hours to homogenize. Then, the 
CNT/DMF suspension was added to the PLA/chloroform solution and stirred for 1 hour. 
The electrospinning was performed under ambient conditions using a rotating collector 
and applied voltage of 16 kV. The distance between the syringe tip and the collector was 
15 cm and the feeding rate of the solution was 100 μL/hour. Due to the relatively high 
viscosity of the CNT/PLA/chloroform/DMF solution, the amount of CNT in the 
electrospun fibers was limited to 1 wt%. The 0 wt% or 1 wt% CNT/PLA electrospun 
composite fibers were then compression molded into films with a thickness of ~110 μm 
using a manual four-column 12 ton Carver hydraulic press (model 4122) with controlled 
cooling. The compression molding conditions were identical to the conditions outlined in 
2.2.1 and the films were cooled at ~0.4°C/min using ambient temperature air cooling.  
2.3 Characterization 
The morphology and structure of the films was examined using scanning electron 
microscopy (SEM). Both a Zeiss Ultra60 FE-SEM, at an accelerating voltage of 5 kV, 
and a Hitachi SU8230 cold field emission FE-SEM, at an accelerating voltage of 10kV 
were used. The samples were first coated with gold using a Cressington Sputter Coater 
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108 (model 6002) at ~0.08 mbar and ~30 mA using a 30 second deposition time to 
eliminate charging.  
Surface composition of the CNT and GNP was examined using X-ray 
photoelectron spectroscopy (XPS), Thermo K-alpha XPS, with Al Kα radiation at an 
excitation energy of 12 kV coupled with an ionized argon flood gun. A step size of 1 eV 
and pass energy of 200 eV was used for the wide scans, while a step size of 0.1 eV and 
pass energy of 50 eV was used for the high-resolution scans.     
The thermal transitions and crystallization behavior was examined using 
thermogravimetric analysis (TGA), TA Instruments SDT Q600, and differential scanning 
calorimetry (DSC), TA Instruments DSC Q2000. For TGA, 7-15 mg samples were 
prepared in alumina pans and heated from 30°C to 600°C in argon at a rate of 5°C/min. 
For DSC, 5-7 mg samples were prepared in standard Tzero aluminum pans, equilibrated 
at 20°C, and held isothermal for 5 minutes. The samples were heated to 175°C at a rate of 
5°C/min and then cooled down to 20°C at a rate of 5°C/min. The degree of crystallinity 
was calculated using the first DSC heating cycle to capture the thermal history, a result of 
the processing conditions. The crystal structure of the films was determined using wide-
angle X-ray diffraction (WAXD) and polarized optical microscopy (POM). WAXD 
measurements were performed using an X’Pert Pro Alpha 1 (PANalytical, Almelo, 
Netherlands) diffractometer (Cu Kα radiation, λ = 1.541Å) The diffraction patterns were 
collected from a 2θ angle of 8° to 40° with a step size of ~0.02. (The diffractometer 
operated at 45 kV and 40 mA). Isothermal crystallization was also performed and 
captured using POM with a Leica DFC420 optical microscope coupled with cross 
polarizers and an Instec HCS302 hot stage. Samples were heated to 200°C and held 
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isothermally for ~3 minutes to homogenize, then isothermal crystallization was 
performed at 135°C or 140°C.  
The electrical response of the films was measured using impedance spectroscopy 
(IS), which is closely related to dielectric spectroscopy and measures the current, voltage, 
and phase angle over an extensive range of frequencies [44]. A Solartron 1260 
Impedance/Gain Phase Analyzer along with a 1296 Dielectric Interface was used to 
measure in the 0.1 Hz – 10 MHz frequency range using an in-plane configuration [45].  
Thermo-mechanical properties were investigated using dynamic mechanical analysis 
(DMA), TA Instruments DMA Q800. Rectangular specimens with a width of ~3 mm and 
gauge length of ~10 mm were equilibrated at 35°C and held isothermal for 5 minutes. 
The samples were then heated at 3°C/min to 100°C. The tests were conducted at a 
frequency of 1 Hz and a strain amplitude of 12 μm. The tensile properties were examined 
using rectangular shaped specimens with a gauge length of 40 mm and width of 10 mm. 
The rate of grip separation was 12.5 mm/min in accordance with ASTM D882. An 
Instron 33R4466 and a 10 kN load cell were used.  
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CHAPTER 3 
EFFECT OF NANOFILLER CHARACTERISTICS AND POLYMER 
CRYSTALLINITY ON THE PROPERTIES OF EXFOLIATED 
GRAPHITE NANOPLATELET / POLYLACTIC ACID FILMS 
 
 The focus of this chapter is to fabricate biodegradable GNP/PLA conductive films 
using scalable-manufacturing methods and investigate how the processing conditions for 
the given method affect the properties of the films. The incorporation of graphitic 
nanofillers for enhancing electrical conductivity of PLA and other thermoplastic 
polymers has previously been explored [31, 46, 47]. The distribution and dispersion of a 
nanofiller throughout the matrix has been shown to be governed by the compounding and 
manufacturing method employed [31]. A heterogeneous or poor dispersion and 
distribution of GNP have been shown to facilitate electrical percolation in PLA 
nanocomposites [46]. Percolation threshold is referred to as the minimum volume 
fraction of conductive filler required to form an interconnected network of conducting 
particles, usually denoted by a dramatic increase of several orders of magnitude in 
electrical conductivity [48]. Percolation threshold depends highly on the microstructure 
of the composite with primary contributing factors including the filler size, shape, 
distribution, and dispersion [49, 50], inherent material properties of the filler and matrix, 
such as conductivity [51], and the physical properties of the polymer matrix, such as 
crystallinity [52-54]. For example, Tait et al. reported that a randomly distributed 
network of nanofiller achieved via melt compounding / compression molding, as opposed 
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to a partially aligned nanofiller network achieved via melt compounding / injection 
molding, helps facilitate an interconnected conductive network, therefore lowering the 
percolation threshold of the composite [31].  
This chapter examines the role of both distribution and dispersion and polymer 
matrix crystallinity on composite film properties for the same filler type, GNP. 
Specifically focusing on how the differences in distribution and dispersion, achieved by 
altering the compounding method, coupled with the physical properties of the polymer 
matrix, i.e., crystallization behavior, affect the electrical response of GNP/PLA films. 
While the conductivity of GNP/PLA has been studied [46, 47], the effect of the 
processing conditions on the conductivity has not yet been investigated for this composite 
system. Kalaitzidou et al. [40] found for GNP/PP composites, both FC and SC 
composites had the same degree of crystallinity, but the SC composites exhibited 
significantly higher electrical conductivity compared to the FC ones with the same GNP 
content. The increased conductivity of the SC composites was attributed to a 20-30% 
increase in crystallite size compared to the FC composites, thus due to GNP being a 
nucleating agent, the spherulites grew around the platelets, therefore the fewer, but larger 
spherulites meant that fewer GNP were trapped inside the spherulites and more were 
outside forming the conductive network [40]. To investigate the effect of processing 
conditions on the electrical response of GNP/PLA films, two different compounding 
methods, 1) melt mixing, followed by compression molding (MC-CM), and 2) solution 
mixing, followed by solution casting (SoC) are employed and two different cooling rates 
during compression molding are used, fast cooling (FC) and slow cooling (SC). The melt 
compounding and solution compounding processes used in this study may employ 
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different amounts of energy during compounding, which is important to note when 
directly comparing two compounding methods. By altering the processing conditions, the 
crystallization characteristics of the PLA were significantly altered and thus correlation 
between polymer crystallinity and electrical response of the films was established. 
3.1 Morphology and Dispersion 
 Representative SEM images of the cryo-fracture surface of the 15 wt% GNP films 
fabricated by all three processing methods and conditions: FC, SC, and SoC are shown in 
Figure 3.1a through f. The difference in GNP distribution between the films can be seen 
in the low magnification images shown in Figure 3.1a, c, and e. Both the 15 wt% FC and 
SoC films show a homogeneous distribution of GNP as indicated in Figure 3.1a and e, 
respectively. Upon further magnification, Figure 3.1b and f, GNP and minimal GNP 
agglomerates, indicated by arrows, can easily been seen. However, the GNP is not as 
apparent in the 15 wt% SC film and is more heterogeneously distributed, shown in Figure 
3.1c and d. Due to the slow cooling rate used during fabrication, the SC films are 
expected to have a high degree of crystallinity. Furthermore, GNP has been previously 
reported to act as a nucleating agent, promoting crystallization [40]. The GNP may not be 
as visible in the SC films because some of the GNP is trapped in crystalline spherulites, 
therefore making them less apparent. The crystallization behavior of the films was 
studied in detail in order to better understand the microstructural differences seen in the 
morphological study.  
    
  
 28 
    
 
Figure 3.1 Representative cross sectional SEM images of 15 wt% GNP/PLA cryo-
fracture surfaces a) FC at low magnification, b) FC at high magnification, c) SC at 
low magnification, d) SC at high magnification, e) SoC at low magnification, and f) 
SoC at high magnification. Arrows indicate GNP. 
10 μm 
10 μm 










3.2 Crystallization Characterization of Composite Films 
 The rate of cooling during the compression molding of the films was varied in 
order to alter the crystallization behavior of the PLA matrix and investigate how the 
crystallization characteristics affect the mechanical and electrical properties of the films. 
Initial heating thermograms, seen in Figure 3.2, were used to characterize thermal 
transitions and degree of crystallinity. The glass transition temperature (Tg) and the 
degree of crystallinity (χ), calculated using equation (3.1), are shown in Table 3.1.   
𝜒 =
∆𝐻𝑚 + ∆𝐻𝑐
∆𝐻𝑚° (1 − 𝑤𝑡% 100⁄ )
× 100 (3.1) 
where χ is the degree of crystallinity, ΔHm is the melting enthalpy of the sample, ΔHc (< 
0) is the cold crystallization enthalpy of the sample, ΔH°m is the theoretical melting 
enthalpy of 100% crystalline PLA, ΔH°m = 93 J/g was used [55], and wt% is the  




Table 3.1 Effect of compounding and processing conditions on the degree of 
crystallinity (χ) and glass transition temperature (Tg) for FC, SC, and SoC 
GNP/PLA films 
 χ (%) Tg (°C) 
 FC SC SoC FC SC SoC 
0wt% GNP 0.8±0.8 37.5±1.6 33.2±0.8 58.4±0.4 61.1±0.3 63.9±3.5 
1wt% GNP 0.2±0.3 37.8±1.0 32.5±1.1 58.3±0.2 60.5±0.3 66.9±1.2 
5wt% GNP 0.8±0.5 39.0±1.2 33.0±1.0 58.3±0.3 60.7±0.4 62.7±0.4 
8wt% GNP 1.0±0.3 34.4±0.7 32.4±0.8 55.7±0.8 59.7±0.1 60.9±1.2 
10wt% GNP 2.3±0.1 37.7±0.8 29.5±3.1 59.6±0.2 62.0±0.2 59.6±0.4 
12wt% GNP 0.7±0.5 35.3±1.4 27.1±0.4 55.8±1.0 59.2±1.3 61.4±1.2 
15wt% GNP 2.5±0.7 42.0±0.8 24.5±2.2 58.1±0.3 59.8±0.4 63.2±1.9 
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Figure 3.2 Non-isothermal initial heating thermograms of a) FC, b) FC melting 
endotherm, c) SC, d) SC melting endotherm, e) SoC, and f) SoC melting endotherm  
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 There is no statistically significant trend in Tg as a function of GNP content for 
either the FC, SC, or SoC films. However, the FC films displayed a slightly lower overall 
Tg compared to the SC and SoC films. The lower Tg and degree of crystallinity of the FC 
films is attributed to the high polymer chain mobility compared to the SC and SoC films. 
The FC films also displayed extremely low crystallinity (~0.2-2.5%) and no significant 
trend in crystallinity as a function of GNP content, as shown in Table 3.1. The fast 
cooling rate during compression molding does not allow enough time for the polymer 
chains to organize into crystalline lamella resulting in a highly amorphous polymer 
structure. Furthermore, as seen in Figure 3.2a, the FC films display cold crystallization 
peaks which are in good agreement with the highly amorphous structure. In contrast, the 
SC and SoC films display a much higher crystallinity in the range of ~37-42% and ~25-
33%, respectively, as shown in Table 3.1, and do not display cold crystallization peaks, 
seen in Figure 3.2c and e. For both the SC and SoC films, the polymer chains were given 
more time to organize into crystalline lamella due to the decreased cooling rate during 
compression molding for the SC films or the slow evaporation of the chloroform for the 
SoC films. Furthermore, chloroform, used to dissolve the polymer, leads to highly 
crystalline PLA due to its good polymer-solvent interactions [30]. It is noted, as seen in 
Figure 3.2e, that the SoC films have a much broader glass transition region compared to 
both the FC and SC films indicating that the solvent acts as a plasticizer [56]. 
Furthermore, the degree of crystallinity increases with the addition of GNP for the SC 
films and decreases with the addition of GNP for the SoC films. GNP has been shown to 
act as a nucleating agent [57], promoting crystallization which explains the increase in 
crystallinity in the SC films with the increase in GNP content. The opposing trend for the 
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SoC films suggests the GNP is hindering crystallization which has also been previously 
reported in the case of organoclay that is highly exfoliated and highly miscible in PLA 
[58]. As seen in Figure 3.2d, four of the SC films, the control PLA, 1 wt%, 8 wt%, and 12 
wt% GNP/PLA, display double melting behavior. The other SC films, containing 5 wt%, 
10 wt%, and 15 wt% GNP, displayed a single melting endotherm. A double melting 
endotherm indicates either polymorphism, multiple crystal phases, or melt-
recrystallization [59]. Melt-recrystallization occurs when semi-melted crystals present in 
the PLA melt, recrystallize instead of melting further. Finally, the recrystallized crystals 
melt as the temperature increases [59]. Further investigation of this behavior was 
explored by examining the diffraction patterns of the films. 
 The crystal structure of PLA is comprised of three main crystal phases referred to 
as α, β, or γ [60]. There is a secondary disordered α′ phase that can form at low 
crystallization temperatures and can be converted to the α crystal phase at temperatures 
greater than 120°C [60]. The most stable and prevalent of the three main crystal phases is 
the pseudo-orthorhombic, helical α phase [60-62]. Diffraction patterns for the FC, SC, 
and SoC films are shown in Figure 3.3a, b, and c. None of the films show evidence of 
polymorphism or changes in crystal structure as a function of GNP content. The only 
crystal phase present is the primary α phase. Thus, it is concluded that the double melting 
peaks observed in Figure 3.2b and d are due to melt-recrystallization as the films are 
heated, rather than polymorphism. The FC films display a broad maximum around 2θ = 
16.7° independent of GNP content. The extremely broad maximum is indicative of a 
highly amorphous structure, which is in agreement with the low crystallinity, calculated 
using the thermograms obtained, seen in Figure 3.2. As the GNP content increases, the 
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characteristic graphitic peak emerges at ~26.6°. Using Bragg’s Law, the d-spacing 
associated with this peak can be calculated. The 2θ peak of ~26.6° corresponds to the d-
spacing between graphite sheets in regularly spaced graphite or basal plane distance of 
graphite, 3.35Å [46, 63]. This indicates the presence of GNP in the composite films. 
However, in the SC and SoC films, the characteristic graphitic peak is less prevalent due 
to the highly crystalline PLA dominating the behavior, but is shown in Figure 3.4. The 
sharp diffraction peaks, seen in Figure 3.3b and c, for both the SC and SoC films indicate 
high crystallinity and is in agreement with the degree of crystallinity calculated from the 
initial heating thermograms reported in Table 3.1.  
 The SC films display characteristic peaks of crystalline PLA at 2θ = 15.0°, 16.7°, 
19.1°, and 22.4°. These crystalline peaks correspond to all α crystal phase with the 
characteristic planes of (010) [64], (200+110) [62], (203) [64], and (121) [64], 
respectively. There is also some indication of a weak reflection at 31.3° in the SC films 
which corresponds to the (0010) plane of the hcp crystal phase [61]. The dominate 
crystalline peaks associated with the SoC films are at 2θ = 16.7°, 19.1°, and 22.4° and are 
associated with the characteristic planes of (200+110) [62], (203) [64], and (121) [64]. 
There is also some indication of a weak reflection at 2θ = 15.0° which corresponds to the 






Figure 3.3 Diffraction patterns obtained for the a) FC, b) SC, and c) SoC films as a 








Figure 3.4 Characteristic graphitic peak of the a) SC and b) SoC films 
 
 
 The degree of crystallinity and crystal structure are two characteristics of the 
crystallization behavior of the films. A third aspect is the average lamella thickness which 





where L is the apparent crystalline lamella thickness, K is a dimensionless shape factor 
(0.9 was used as an approximate for the spherulite structure [65]), λ is the radiation 
wavelength, B is the full width at half maximum value of the diffraction peak, and θ is 
the Bragg angle. The average lamella thickness for the two dominant diffraction peaks at 
16.7° and 19.1° for the SC and SoC films was calculated to compare the effect of 
compounding method on lamella thickness. It is important to note that the 16.7° 
diffraction peak corresponds to two crystal planes, (200) and (110) and thus the 
information obtained cannot be directly related to the thickness of one crystal type. As 
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seen in Figure 3.5a and b, the SC films have a greater average lamella thickness than the 
SoC films for both dominant peaks. The SC films have a slightly higher degree of 
crystallinity, as seen in Table 3.1, and therefore the increase in average lamella thickness 
indicates that the SC films have slightly thicker crystalline regions, but a comparable 
number of crystals to the SoC films. Furthermore, the lamella thickness for both the SC 
and SoC films does not change significantly with increased GNP content indicating the 
increase in crystallinity of the SC films with increased GNP content is due to the 
presence of more crystals not thicker crystals and the decrease in crystallinity of the SoC 






Figure 3.5 Average crystal lamella thickness of the two dominant diffraction peaks, 





 The differences in crystallization behavior as a function of processing conditions 
was further explored using isothermal crystallization studies, at 135°C, of both the 0 wt% 
GNP and 1 wt% GNP films using polarized optical microscopy (POM). As seen in Figure 
3.6, both the 0 wt% GNP and 1 wt% GNP films showed similar spherulite size. However, 
as evident in Figure 3.6, the crystallization of the 0 wt% GNP film was homogeneous, 
while the crystallization of the 1 wt% GNP film displayed heterogeneous crystal growth 
concentrated around the GNP, indicated by the arrow in Figure 3.6. This further supports 
that GNP is promoting nucleation in the MC-CM films and the average lamella thickness 
remains constant with GNP content. By altering the processing conditions of the 
composite films, the physical properties of the PLA matrix, specifically crystallinity, can 
be modified.  
 It is noted that the effect of processing conditions, that is the cooling rate during 
compression molding, has a much more significant influence on the crystallization 
characteristics compared to the effect of compounding method. The influence of the GNP 
distribution and dispersion coupled with crystallization behavior on the elastic modulus is 
examined below.  
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Figure 3.6 Representative POM image of isothermal crystallization at 135°C of a) 0 
wt% GNP and b) 1 wt% GNP films at 4 minutes after nucleation was observed, time 





3.3 Effect of GNP Distribution/Dispersion and Polymer Crystallinity on the Elastic 
Modulus 
 The elastic modulus, E, of the FC, SC, and SoC GNP/PLA films is shown in 
Figure 3.7. The E increases with GNP content for all of the films, indicating good 
interfacial interaction between the GNP and the polymer matrix [66]. At constant GNP 
content, the SC films display the highest E of ~3.85 GPa for the 15 wt% film, followed 
by the FC films of ~3.37 GPa for the 15 wt% film, and finally the SoC films of ~2.32 
GPa for the 15 wt% film. The significantly lower E of the FC films compared to the SC 
films can be attributed to the difference in crystallinity. The high crystallinity of the SC 
films increases the modulus by hindering the molecular mobility [67]. However, the SC 
and SoC films have very comparable crystallization behavior, yet there is a significant 
0 wt% GNP 
time = 4 min 
25 μm 
a) 1 wt% GNP 




discrepancy in mechanical response. The lower modulus of the SoC films compared to 
the SC films may be due to the micro-porosity present in the SoC films due to lack of 
compression during processing and/or remnant chloroform in the film acting as a 
plasticizer and reducing the modulus. It has previously been reported that a small amount 
of solvent remaining in the film after solution casting may reduce the intermolecular 
forces in PLA, thus causing the film to have a lower modulus [56].  
 To improve the modulus of the SoC films, representative GNP/PLA SoC films of 
0 wt% and 5 wt% were compression molded at a slightly elevated temperature of 120°C 
(above Tg, but below melting) and are referred to as solution cast / compression molded 
(SoC-CM) films. As seen in Figure 3.7, the SoC-CM films exhibited a higher modulus 
than the SoC films. There are three potential underlying mechanisms for the increase in 
modulus after compression molding: 1) decrease in micro-porosity of the films, 2) 
elimination or decrease of remnant chloroform through evaporation due to the combined 
effect of elevated temperature and pressure, and/or 3) change in crystallinity upon heating 






Figure 3.7 Elastic modulus of FC, SC, SoC, and SoC-CM GNP/PLA films as a 




 The initial heating thermograms shown in Figure 3.2e indicated there could be 
remnant chloroform present in the SoC films, so TGA was performed. As seen in Figure 
3.8, there is a 5-6% drop in weight between ~95°C and ~135°C indicating the presence of 
fluid in both the 5 wt% SoC and 5 wt% SoC-CM films. To confirm that the fluid present 
was chloroform (boiling point of ~61°C) and not water (boiling point of ~100°C) 
absorbed from the humidity in the atmosphere, as-received PLA pellets and a 0 wt% SoC 
film were used as the controls. The as-received PLA pellets did not show this fluid 
content and both the pellets and films are stored in sealed containers under the same 
conditions. However, the difference in remnant chloroform content is not statistically 
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significant between the SoC and SoC-CM films; therefore this is not the dominating 





Figure 3.8 Representative TGA of as-received PLA pellets, 0 wt% SoC film, 5 wt% 




 Additionally, initial heating thermograms, seen in Figures 3.9a, were used to 
compare crystallization characteristics of the films in order to identify whether or not the 
change in mechanical response is related to altering the crystallization behavior of the 
films upon compression. The cross sectional SEM seen in Figure 3.9c and d may not be 
representative of the entire sample; however, overall there was a significant decrease in 
micro-porosity upon compression, but the degree of crystallinity is comparable for both 
the 5 wt% SoC and the 5 wt% SoC-CM films. The degree of crystallinity of the 5 wt% 
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SoC films is 33.0 ± 1.0% and that of the 5 wt% SoC-CM films is 32.9 ± 0.4%. It is also 
important to note that there is a significant decrease in Tg upon compression, as seen in 
Figure 3.9a, compared to both the as-received pellets and the SoC film. A decrease in Tg 
with the addition of nanofillers has been well documented and is typically indicative of 
poor nanofiller dispersion and/or poor interactions between the nanofiller and the 
polymer matrix [68, 69]. However, the compounding method is identical for the 5 wt% 
SoC and 5 wt% SoC-CM films and there is no evidence of a significant change in 
distribution or dispersion, so this is not the dominating mechanism for the decrease in Tg 
upon compression. Furthermore, there is no statistically significant change in remnant 
chloroform between the 5 wt% SoC and 5 wt% SoC-CM films; therefore the decrease in 
Tg is not attributed to the chloroform content in the 5 wt% SoC-CM film. However, it has 
also been reported that changes in molecular entanglement and free volume due to the 
addition of nanofillers can alter the Tg [70]. Because the significant change in Tg occurs 
upon compression at elevated temperature, it is hypothesized that changes in molecular 
entanglement and/or free volume is contributing to the decrease in Tg.  
 Finally, diffraction patterns were obtained for both the 5 wt% SoC and 5 wt% 
SoC-CM films to identify whether there was a change in crystal phase upon compression 
and compare the average lamella thickness. As seen in Figure 3.9b, both films displayed 
only α phase crystals and there was only a small change in lamella thickness, calculated 
using equation (3.2), upon compression. The average lamella thickness of the 16.7° peak 
did increase slightly from 20.1 ± 1.0 nm to 24.0 ± 0.4 nm upon compression; however 
there was no statistically significant change in lamella thickness for the 19.1° peak. The 
change in spherulite size is very minimal and therefore is not believed to be a dominating 
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mechanism for the change in mechanical response. It is concluded that the dominating 
mechanism for the increase in modulus upon compression is the decrease in micro-






Figure 3.9 Comparison of crystallization characteristics of the 5 wt% SoC and 5 
wt% SoC-CM films: a) initial heating thermograms compared to as-received pellets, 
b) diffraction patterns of films, and cryo-fracture surface SEM of c) 5 wt% SoC and 
d) 5 wt% SoC-CM. Arrows indicate microvoids. 
 
 44 
3.4 Effect of GNP Distribution/Dispersion and Polymer Crystallinity on the 
Electrical Response 
 The frequency-dependent electrical response of the films was examined using 
impedance spectroscopy in order to ascertain more information on the film 
microstructure as well as the dielectric response. In composites, the degree of dispersion 
and matrix-filler interactions are critical factors influencing percolation behavior, not just 
conductive filler concentration [71]. Impedance spectroscopy measures the current, 
voltage, and phase angle over an extensive range of frequencies [44]. The complex 
impedance is governed by equation (3.3):  
𝑍∗(𝜔) = 𝑉(𝜔) 𝑖(𝜔)⁄  (3.3) 
where the applied voltage, V, and the measured current, i, are:  
𝑉(𝜔) = 𝑉𝑚 sin(𝜔𝑡) (3.4) 
𝑖(𝜔) = 𝑖𝑚 sin(𝜔𝑡 + 𝜗) (3.5) 
The angular frequency, ω = 2πf, is a function of frequency, f, ϑ is the phase angle, and Vm 
and im are the magnitudes of the voltage and the current, respectively.   
 In-plane (x-y plane) impedance spectroscopy measurements were performed and 
a schematic defining the measurement direction is shown in Figure 3.10. The impedance 
magnitude (|Z*|) reported as a function of frequency at representative GNP 
concentrations for the FC, SC, and SoC films is presented in Figure 3.11. The drop in the 
low frequency impedance and loss of frequency dependence denotes conductive behavior 
and electrical percolation [72, 73]. In order to examine the effect of processing conditions 
i.e., cooling rate that strongly affects the polymer crystallinity, on the electrical response, 
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the FC and SC films, seen in Figure 3.11a and b, are compared. The FC films display 
highly insulating behavior up to 12 wt% of GNP, seen in Figure 3.11a, with a low 
frequency |Z*| in the order of 10
12
 Ω. However, at 15 wt% of GNP, the low frequency 
|Z*| drops to ~10
8
 Ω, indicating percolation has occurred between 12 wt% and 15 wt% of 
GNP in the FC films. The percolation threshold for the SC films is much lower, between 
1 wt% and 5 wt% of GNP, as seen in Figure 3.11b. The SC films display a significant 
drop in low frequency |Z*| at 5 wt% of GNP and exhibit a low frequency |Z*| of ~10
6
 Ω 
at 15 wt% of GNP. The percolation threshold of the SoC films is between 5 wt% and 8 
wt% of GNP and the value of the low frequency |Z*| is ~10
7
 Ω at 15 wt% of GNP, as 
seen in Figure 3.11c. As more conductive filler is added into the composite, the low 
frequency |Z*| will tend to decrease, indicating an increase in conductance; however, due 
to the inherent heterogeneous structure of the composites this trend is not definitively 
seen. For example, this trend can be seen far from percolation at 15 wt% for the SC films, 
seen in Figure 3.11b, however close to the percolation threshold there is some fluctuation 















Figure 3.11 Representative runs of impedance magnitude, |Z*|, as a function of 




 The percolation behavior of the films as a function of the GNP content can be 
seen in Figure 3.12. (Trend lines included in Figure 3.12 are visual guidelines and not 
indicative of any mathematical trend.) It is clear by the dramatic decrease in impedance 
that electrical percolation is achieved between 1 wt% and 5 wt% for the SC films, 5 wt% 
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and 8 wt% for the SoC films, and 12 wt% and 15 wt% for the FC films. In order to 
investigate the effect of processing conditions, specifically the polymer matrix 
crystallinity, the FC and SC films are closely examined. Isothermal and non-isothermal 
crystallization was performed using POM to simulate slow and fast cooling, respectively, 
confirming the drastic difference in crystallinity of the SC and FC films. (It is noted that 
1 wt% films were used for the crystallization studies, to facilitate visualization, and as the 
average lamella thickness does not change with GNP content, the results can be 
correlated to the 15 wt% films.) In the case of non-isothermal crystallization, shown in 
Figure 3.13a, the composite was highly amorphous at room temperature whereas, 
isothermal crystallization resulted in spherulites forming around the GNP, shown in 







Figure 3.12 Low frequency impedance magnitude, |Z*|, as a function of GNP 
content for the FC, SC, and SoC films (trend lines included are visual guidelines and 




    
Figure 3.13 Representative POM image of a) non-isothermal (representative of FC) 
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 The morphological and crystallization studies show that the GNP dispersion and 
average crystal size remain constant in both the 15 wt% FC and 15 wt% SC films, 
indicating that the change in percolation threshold is due to the difference in crystallinity. 
Two possible primary mechanisms that contribute to this phenomenon are: 1) Difference 
in inherent conductivity of the constituents in the composite [51], namely the difference 
in electron transfer through crystalline versus amorphous phases [74] and 2) change in 
interparticle spacing of the conductive filler due to spherulite growth [53]. As previously 
reported [74], the efficiency of electron transfer in an insulating polymer, such as PLA, is 
dependent on the orientation of the polymer chains, particularly with respect to the 
direction of applied electric field. Ordered packing of crystalline regions will facilitate 
the transfer of electrons more favorably than disordered amorphous regions. Higher 
electrical conductivity and lower percolation threshold of the SC films is expected 
because the crystalline order at the GNP/polymer interface will lower contact resistance 
and result in less electron scattering. In addition to this mechanism, the excluded volume 
effect previously reported [53], may also contribute to the lower percolation threshold of 
the SC films. Specifically, the growth of spherulites will lead to more continuous 
conductive pathways through a more heterogeneous nanofiller distribution. For the SC 
films, the spherulites grow slowly around the GNP, as seen in Figure 3.13b, and GNP 
trapped outside of the spherulites are displaced leading to a more heterogeneous GNP 
network with higher chances of forming a continuous pathway through the PLA matrix. 
By altering the cooling rate during processing, the percolation behavior can be 
significantly altered due to the change in the crystallization characteristics of the polymer 
matrix. 
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 The compounding method has significantly less of an effect on the electrical 
percolation than the processing conditions. The potential primary mechanisms for the 
difference in percolation threshold between the SC and SoC films are: 1) the better 
dispersion of the GNP throughout the matrix in the SoC films, 2) decrease in interparticle 
distance of the GNP due to spherulite growth in the SC films, 3) remnant chloroform in 
the SoC films altering the electrical response, and 4) possible voids in the SoC films due 
to evaporation of the solvent and lack of compaction, achieved through compression 
molding during processing. As seen in Figure 3.1, the SoC films have a better dispersion 
and distribution of GNP compared to the FC or SC films. This can be attributed to the 
decreased polymer viscosity during processing in the SoC films. The increase in 
percolation threshold of the SoC films, compared to that of the SC films, may be 
attributed to the excluded volume effect, i.e. a higher degree of amorphous regions in the 
matrix may lead to a more homogeneous filler distribution making a continuous 
conductive pathway more difficult to form [53].  The SC films have thicker crystalline 
regions and slightly higher degree of crystallinity compared to the SoC films, indicating 
the increased degree of crystallinity is due to the thicker crystalline regions. As the 
spherulites grow, the conductive filler is displaced causing a more heterogeneous 
dispersion leading to a formation of more conductive pathways at lower GNP content.  
The percolation threshold for the SoC films can be lowered further upon 
compression, as previously described, representative SoC films were compression 
molded above Tg and below melting and referred to as SoC-CM films. As seen in Figure 
3.14, upon compression molding the 5 wt% SoC-CM film displays conductive behavior 
indicating that the percolation threshold is less than 5 wt%. The change in electrical 
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response after compression molding is attributed to the decrease in microvoids upon 
compaction. As described in section 3.3, there was some remnant chloroform present in 
both the 5 wt% SoC and 5 wt% SoC-CM films, but the amount of chloroform did not 
significant change. Furthermore, the degree of crystallinity and crystal phase was not 
altered upon compression. However, the spherulite size did increase slightly from 20.1 ± 
1.0 nm to 24.0 ± 0.4 nm upon compression molding for the primary 16.7° diffraction 






Figure 3.14 Representative impedance magnitude, |Z*|, as a function of frequency 




The processing conditions and compounding methods employed to fabricate 
GNP/PLA composite films had a significant effect on both the mechanical and electrical 
response of these films. The processing conditions, i.e., slow versus fast cooling during 
compression molding, significantly altered the crystallization behavior of the polymer 
and strongly affected the dielectric behavior the GNP/PLA films. Furthermore, the highly 
amorphous FC films displayed a lower E compared to the highly crystalline SC films. On 
the other hand, the compounding method, i.e., melt compounding versus polymer 
dissolution, although it altered the dispersion and distribution of the GNP within the PLA 
matrix, it did not significantly affect the crystallization behavior of the polymer. The 
differences in percolation threshold and resistance between the FC and SC GNP/PLA 
films is attributed to the difference in PLA crystallinity with the FC films being 
amorphous with a more homogeneous GNP distribution and a percolation threshold 
between 12-15 wt% of GNP whereas the SC films exhibit a percolation threshold 
between 1-5 wt% of GNP and a more heterogeneous GNP distribution with smaller 
interparticle distances due to displacement of GNP during spherulite growth. Specifically, 
the main mechanisms for the observed results are the decreased scattering of electrons 
through the ordered crystalline lamella in SC films compared to the amorphous polymer 
phase in the FC films coupled with the excluded volume effect present in SC films.  
 The compounding method had a less significant effect on the electrical 
percolation. However, the difference in E between the SC and SoC films was significant. 
The SoC films exhibited similar crystallization characteristics to the SC films and had 
more homogeneous GNP distribution and dispersion due to the low viscosity of the 
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polymer solution during processing which led to a percolation threshold between 5 wt% 
and 8 wt% of GNP. The primary mechanism responsible for the lower percolation 
threshold and higher E of the SC films compared to that of SoC films is the difference in 
microstructure both in terms of micro-porosity and dispersion/distribution of GNP 





EFFECT OF NANOFILLER GEOMETRY AND COMPOUNDING 
METHOD ON POLYLACTIC ACID NANOCOMPOSITE FILMS 
 
 This chapter focuses on understanding the effect of compounding method and 
nanofiller type on the nanofiller distribution and dispersion, crystallization behavior, 
thermo-mechanical behavior, and electrical response of PLA nanocomposite films. As 
outlined in Chapter 3, distribution and dispersion of nanofillers are governed by the 
compounding method [31, 46, 47]. In addition, the nanofiller type, both aspect ratio and 
chemistry, also influence the distribution, dispersion, and interfacial interactions between 
the nanofiller and polymer matrix. In Chapter 3, melt mixing, followed by melt fiber 
spinning and compression molding (MC-CM); and solution mixing, followed by solution 
casting (SoC) were used. In order to better isolate the effect of compounding on 
composite properties, this chapter employed: 1) MC-CM, and 2) solution mixing, 
followed by electrospinning and compression molding (E-CM). Both MC-CM and E-CM 
films are fabricated via compression molding of composite fibers with the only 
differences being the compounding of nanofiller and fabrication of fibers. For the MC-
CM case, both GNP and CNT are used to determine the effect of nanofiller geometry on 
the film properties. When comparing the compounding method, CNT was chosen as the 
nanofiller. The cooling rate during compression molding is held constant in all cases at a 
slow cooling rate of ~0.4°C/min in order to maximize polymer matrix crystallinity as 
discussed in Chapter 3. It is also noted that due to the relatively high viscosity of the 
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CNT/polymer solution, the CNT content for the E-CM films was limited to 1 wt%. By 
comparing MC-CM and E-CM films rather than MC-CM and SoC films, the effect of 
compounding on film properties can be further identified.  
Fabrication and characterization of CNT/PLA electrospun fibers has previously 
been explored [75-77]. Electrospun fiber diameter, morphology, and orientation have 
been shown to influence the electrical response of composite fibers and meshes [77, 78]. 
For example, Shao et al. [78] reported a percolation threshold of between 2-3 wt% of 
CNT for CNT/PLA electrospun meshes, with randomly oriented composite fiber meshes 
having a slightly lower surface resistivity compared to aligned composite fiber meshes. 
The novelty of this chapter is that it focuses on fabricating composite films from both 
electrospun and melt spun fibers in order to compare the percolation behavior of the 
resultant films, while simultaneously studying the effect of nanofiller geometry on 
electrical response. The GNP/PLA MC-CM, CNT/PLA MC-CM, and CNT/PLA E-CM 
composite films fracture surface morphology, crystallization behavior, thermo-
mechanical properties, and electrical response were investigated as a function of 
nanofiller content. 
    4.1 Surface Composition of the Nanoreinforcements 
 The surface composition of GNP and CNT was compared using XPS in order to 
ascertain whether there was a significant difference in surface chemistry. Both the 
elemental composition of C and O in GNP and CNT, as well as the approximate 
concentration of specific chemical species for each nanofiller are shown in Table 4.1, 
while Figure 4.1 shows the high-resolution C 1s XPS scans of GNP and CNT. The high-
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resolution C 1s scan for GNP was deconvoluted into six components with peak values of: 
284.6 eV (C1) which corresponds to the sp
2
-hybridized graphitic structure (C=C), 286.1 
eV (C2) which corresponds to the sp
3
-hybridized carbon atoms (C-C), and 287.5 eV (C3), 
288.9 eV (C4), 290.4 eV (C5), and 291.7 eV (C6), which correspond to C-O, C=O, O-
C=O, and π-π* transition loss peak, respectively [79]. Similarly, the high-resolution C 1s 
scan for CNT was deconvoluted into six components corresponding with same chemical 
species. For CNT, the peak values are: 284.6 eV (C1), 286.0 eV (C2), 287.1 eV (C3), 
288.5 eV (C4), 290.0 eV (C5), and 291.4 eV (C6) [80]. During the intercalation and 
exfoliation steps used to fabricate GNP, a certain amount of oxidation can occur [81]. 
This accounts for the slightly higher oxygen content of the GNP. The presence of more 
C-O and C=O groups can lead to a better interface when the matrix polymer is polar [81].  
Furthermore, the transformation of sp
2
 carbons to sp
3
 carbons also occurs in GNP due to 
oxidation and can lead to lower electrical conductivity [81], which is important to note 
when examining the films’ electrical behavior.  
 
 
Table 4.1 Relative atomic concentrations of components obtained from fittings of 
the high-resolution C 1s peak scan using XPS for GNP and CNT 
 Composition (%) Concentration of chemical species (%) 
 C O -C=C -C-C -C-O -C=O C-OO π-π* 
GNP 95.1 4.9 65.1 12.0 6.6 5.1 3.1 8.1 










4.2 Morphology and Dispersion 
 Representative SEM images of the cryo-fracture surface of the 3 wt% GNP MC-
CM film, 3 wt% CNT MC-CM film, and 1 wt% CNT E-CM film are shown in Figure 
4.2a through f. The fine microstructure of the films can be seen in the low magnification 
images shown in Figure 4.2a, c, and e. Upon further magnification, seen in Figure 4.2d 
and f, the difference in distribution and dispersion of the nanofiller in the CNT MC-CM 
films compared to the CNT E-CM films is evident. As indicated by the arrows in Figure 
4.2d, the CNT in the MC-CM film appears to be fairly homogeneously distributed 
throughout the matrix and there appear to be minimal agglomerates. However, the CNT 
in the E-CM film, seen in Figure 4.2f, have a much more heterogeneous distribution and 
dispersion with apparent agglomerates.  
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 In order to further investigate the difference in CNT dispersion, the melt spun and 
electrospun CNT fibers were examined and representative SEM images of the fibers are 
seen in Figure 4.3a and b. The melt spun CNT/PLA composite fibers have a diameter on 
the order of 60-70 μm while the electrospun composite fibers have a diameter on the 
order of 0.5 μm. Furthermore, as seen in Figure 4.3b, the diameter of the electrospun 
fibers is not consistent. There are several agglomerates on the order of ~10-30 μm. The 
agglomerates seen in the electrospun fibers coupled with the heterogeneous dispersion of 
CNT in the films indicates CNT may be concentrated primarily in the agglomerates of the 
fibers leading to this heterogeneous dispersion. To further investigate the effect of 
nanofiller type and compounding method on the composite films, the crystallization 




Figure 4.2 Representative cross sectional SEM images of composite film cryo-
fracture surfaces: a) 3 wt% GNP MC-CM at low magnification, b) 3 wt% GNP 
MC-CM at high magnification, c) 3 wt% CNT MC-CM at low magnification, d) 3 
wt% CNT MC-CM at high magnification, e) 1 wt% CNT E-CM at low 
magnification, and f) 1 wt% CNT E-CM at high magnification. Arrows indicate 
nanofiller. 
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Figure 4.3 Representative SEM images of 1 wt% CNT fibers fabricated via a) melt 





4.3 Crystallization Characterization of Composite Films 
 The crystallization behavior of the films was first examined using initial heating 
thermograms, seen in Figure 4.4. The glass transition temperature (Tg) and degree of 
crystallinity, calculated using equation (3.1), are displayed in Table 4.2. There is no 
statistically significant change in Tg or degree of crystallinity as a function of either 
nanofiller content, type, or compounding method. The Tg of the films is ~60°C and the 
films are highly crystalline with a degree of crystallinity of ~36%. As observed in 
Chapter 3, the degree of crystallinity is affected more by the cooling rate during 
compression molding rather than the nanofiller content or compounding method. Because 
all three sets of films were fabricated using the same cooling rate during compression 
molding, the degree of crystallinity is not significantly altered. Furthermore, the 
a) 
50 μm 50 μm 
b) 
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nanofiller type does not seem to significantly affect either the Tg or the degree of 
crystallinity, as seen in Figure 4.4 and Table 4.2. It is concluded that the nanofiller type 
does not play a significant role in altering the degree of crystallinity of the films and this 
characteristic is dominated by the processing conditions rather than nanofiller type, 
compounding method, or nanofiller content. The films also displayed double melting 
behavior, which as described in Chapter 3, is indicative of either polymorphism or melt 
recrystallization. To confirm the mechanism behind the double melting endotherms, 




Table 4.2 Effect of compounding method and nanofiller geometry on the degree of 
crystallinity (χ) and glass transition temperature (Tg) for GNP MC-CM, CNT MC-
CM, and CNT E-CM PLA nanocomposite films 














0 wt% 36.9±1.3 35.7±0.8 31.2±2.7 60.8±0.1 61.2±0.2 59.5±0.5 
1 wt% 35.7±0.8 37.9±0.8 36.7±0.5 58.0±0.4 60.5±0.3 60.1±0.2 
2 wt% 36.6±0.9 37.8±0.7 - 61.2±3 60.0±0.3 - 








Figure 4.4 Non-isothermal initial heating thermograms of a) GNP MC-CM, b) GNP 
MC-CM melting endotherm, c) CNT MC-CM, d) CNT MC-CM melting endotherm, 
e) CNT E-CM, and f) CNT E-CM melting endotherm  
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 As outlined in Chapter 3, PLA has three primary polymorphs, α, β, and γ, and a 
secondary polymorph, αʹ. As seen in Figure 4.5, the diffraction patterns for the GNP MC-
CM, CNT MC-CM, and CNT E-CM films all show only the primary α crystal phase, 
indicating that the double melting endotherms observed in Figure 4.4 are a result of melt 
recrystallization and not polymorphism. As seen in Figure 4.5, the highly crystalline PLA 
is dominating the behavior and the primary diffraction peaks associated with both GNP 
and CNT at approximately 26.6° are not apparent. The sharp diffraction peaks associated 
with the PLA’s primary α crystal phase indicate a highly crystalline structure which is in 
good agreement with the degree of crystallinity calculated using equation (3.1) and 
presented in Table 4.2. The GNP MC-CM, CNT MC-CM, and CNT E-CM films all 
display characteristic peaks of crystalline PLA at 2θ = 15.0°, 16.7°, 19.1°, and 22.4°, 
which correspond to the characteristic planes of α(010) [64], α(200 + 110) [62], α(203) 
[64], and α(121) [64]. While the degree of crystallinity and crystal structure is almost 
identical for the three sets of films, these are just two aspects of the crystallization 
behavior. The average lamella thickness may vary despite a comparable degree of 





Figure 4.5 Diffraction patterns obtained for the a) GNP MC-CM, b) CNT MC-CM, 




 The average lamella thickness for the two primary PLA crystal diffraction peaks 
at 16.7° and 19.1° is calculated using equation (3.2), the Scherrer equation, outlined in 
Chapter 3. As seen in Figure 4.6, the average lamella thickness does not significantly 
change as a function of both filler type or compounding method. Furthermore, the lamella 
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thickness for all three films, GNP MC-CM, CNT MC-CM, and CNT E-CM, does not 
change significantly with increased nanofiller content. This indicates that both the degree 
of crystallinity as outlined in Figure 4.4 and Table 4.2 and the lamella thickness seen in 
Figure 4.6 remains constant with the addition of nanofiller. It is concluded that neither the 
compounding method nor the nanofiller type significantly affects the crystallization 







Figure 4.6 Average crystal lamella thickness of the two dominant diffraction peaks, 
a) 16.7° and b) 19.1°, for the GNP MC-CM, CNT MC-CM, and CNT E-CM films as 
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4.4 Effect of Filler Type and Compounding Method on Thermo-mechanical 
Properties 
 The thermo-mechanical behavior of the films, both the storage modulus (Eʹ) and 
loss modulus (Eʺ), is investigated as a function of nanofiller content. The results are seen 
in both Table 4.3 and Figure 4.7. The storage modulus slightly increases with the addition 
of nanofiller for all three sets of films. An increase in storage modulus is indicative of 
hindered polymer chain mobility, which can be attributed to: 1) an increase in polymer 
crystallinity which leads to lower chain mobility [67], 2) the addition of nanofiller which 
can disrupt the movement of polymer chains [66, 82, 83], or 3) a combinatory effect of 1) 
and 2).  
 The crystallization behavior of the films outlined in the previous section indicated 
no significant change in degree of crystallinity for any of the films; therefore, it can be 
assumed that the increase in storage modulus is due to the addition of nanofiller, which 
can hinder polymer chain mobility and increase storage modulus. However, there is only 
a slight increase in storage modulus with the addition of GNP and a more significant 
increase with the addition of CNT for both the MC-CM and E-CM films. As seen in 
Table 4.3, the storage modulus is increased to ~ 3 GPa with the addition of 1 wt% CNT 
for the CNT MC-CM and CNT E-CM films. While intrinsic properties, such as the 
modulus, of GNP and CNT are often very similar, factors such as differences in polymer-
nanofiller interface and aspect ratio can lead to differences in performance. Despite a 
much more significant initial increase in storage modulus for the CNT films, the behavior 
seems to plateau and the storage modulus for the 3 wt% GNP MC-CM and 3 wt% CNT 
MC-CM films is comparable.  
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 Furthermore, as seen in Figure 4.7b, there is a slight broadening of the loss 
modulus peak indicating a lengthening of the glass transition region. This broadening can 
also be attributed to some degree of hindered polymer chain mobility which is due to the 
addition of nanofiller, constricting polymer chain movement [82, 83]. However, it is 
important to note that the Tg does not increase, as would be anticipated despite the fact 
that the glass transition region is broadening with the addition of nanofiller. The 
broadening may also be attributed to the additional energy dissipation that is introduced 
to the material by adding GNP or CNT, such as interfacial friction between GNP or CNT 





 Table 4.3 Storage modulus of the GNP MC-CM, CNT MC-CM, and CNT E-CM 
films as a function of nanofiller content 








0 wt% 2.0 ± 0.3 1.9 ± 0.2 2.2 ± 0.1 
1 wt% 2.5 ± 0.3 3.0 ± 0.3 3.0 ± 0.2 
2 wt% 2.5 ± 0.1 3.3 ± 0.1 - 













    
    
Figure 4.7 Representative a) storage modulus and b) loss modulus of the GNP MC-




4.5 Effect of Filler Type and Compounding Method on the Electrical Response 
 The in-plane (x-y plane) electrical response of the films is examined using 
impedance spectroscopy. As outlined in Chapter 3 and equations (3.3) – (3.5), impedance 
spectroscopy measures change in current, voltage, and phase angle over a wide range of 
frequencies [44]. The impedance magnitude (|Z*|) reported as a function of frequency for 
all three sets of films is shown in Figure 4.8. The loss of frequency dependence and drop 
in the low frequency impedance indicates conductive behavior and electrical percolation 
[72, 73].  
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 As seen in Figure 4.8a, the GNP MC-CM films did not show conductive behavior 
even at 3 wt%. In Chapter 3, the percolation threshold of slow cooled (SC) GNP/PLA 
composite films fabricated via MC-CM was found to be between 1 wt% and 5 wt% GNP. 
It can now be concluded that percolation occurs between 3 wt% and 5 wt% GNP. Even 
though the low frequency |Z*| is relatively high (on the order of 10
10 
Ω) the CNT MC-
CM films are conductive even at 1 wt% CNT, indicating the percolation threshold is less 
than 1 wt%. Upon further addition of CNT, the low frequency |Z*| decreases indicating 
an increases in conductance. However, it is important to note that due to the inherent 
heterogeneous structure of composites, this trend is not always seen particularly when 
close to the percolation threshold. The CNT E-CM films also have a percolation 
threshold of less than 1 wt% of CNT; however, at 1 wt% the low frequency |Z*| is lower 
than the low frequency |Z*| of the 1 wt% CNT MC-CM film. This indicates higher 







Figure 4.8 Representative runs of impedance magnitude, |Z*|, as a function of 




 The potential primary mechanisms for the difference in percolation threshold 
between the GNP MC-CM and CNT MC-CM films are: 1) the difference in surface 
composition and 2) the difference in geometry between GNP and CNT. As discussed in 
section 4.1, the surface composition of the GNP and CNT varies slightly. The GNP has a 
slightly higher oxygen content compared to the CNT, which has been reported to lower 
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the electrical conductivity of GNP [81]. While the intrinsic electrical conductivity of the 
GNP may be slightly lower than the reported in-plane conductivity value of ~10
7 
S/m, 
displayed in Table 2.2, based on the analysis of the GNP/PLA composite films in Chapter 
3, the GNP are still conductive. Furthermore, the intrinsic electrical conductivity of the 
CNT as reported by the manufacturer is >10
4 
S/m [42], so it is concluded that this is not a 
dominating mechanism for the difference in percolation. Another contributing 
mechanism for the difference in percolation threshold is the significant difference in 
geometry between the GNP and CNT, particularly the aspect ratio. Aspect ratio, α, is 
defined as the ratio of length to diameter of a reinforcement. A filler with a high aspect 
ratio facilitates percolation through network formation at lower filler concentrations 
compared to a filler with a low aspect ratio [85]. The reported theoretical α for the GNP 
used is ~150, while for the CNT α is reported to be ~375. For comparison, a bulk 
composite with randomly distributed spherical inclusions of equal diameter (α = 1) has a 
critical percolation volume fraction of 0.2895 or 28.95 vol.% of filler [86, 87]. 
 A schematic of the two films is displayed in Figure 4.9 and the importance in 
aspect ratio to achieve percolation it is illustrated. As seen in Figure 4.9a, there should be 
some amount of orientational ordering in the in-plane (x-y plane) direction due to 
application of compressive force in the z-direction during processing. At identical 
nanofiller content, the CNT will form a percolated network easier than the GNP due to 
the higher α, seen in Figure 4.9b. It is important to note however, that the theoretical 
aspect ratio of ~150 and ~375 for the GNP and CNT, respectively, may not be the 
effective α due to agglomerations and high shear forces during processing [88]. The 
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change in aspect ratio of the nanofillers and its effect on composite film properties are 
further explored in Chapter 5.  
 Finally, the in-plane electrical response is reported and because the GNP and 
CNT have very different geometries this could be a factor in the difference in percolation. 
The GNP are two dimensional platelet-like reinforcements with a through-plane 
conductivity reported at ~10
2 
S/m [41], while the CNT are essentially one-dimensional 
tube-like reinforcements which are ideal for achieving low in-plane percolation 
thresholds when in-plane orientational ordering is achieved, shown in Figure 4.9. 
However, if a high through-plane conductivity is desired, the two-dimensional GNP may 
be a more desirable reinforcement.     
 
 
Figure 4.9 Schematic of a) the side view and b) the top view of the GNP and CNT 
films. Note the schematic is not to scale.  
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 The compounding method has significantly less of an effect on the electrical 
response than the nanofiller type. Both the CNT MC-CM and CNT E-CM films displayed 
conductive behavior at 1 wt%, indicating both have a percolation threshold less than 1 
wt% of CNT. However, the 1 wt% CNT E-CM film had a much lower low frequency 
|Z*| compared to the 1 wt% CNT MC-CM film indicating higher conductance. The 
potential primary mechanisms for the difference in percolation threshold between the 
CNT MC-CM and CNT E-CM films are: 1) the differences in dispersion of the CNT and 
2) potential remnant solvent in the E-CM film. The nanofiller dispersion and distribution 
plays a critical role in the electrical response of the composite. When a nanofiller is 
homogeneously dispersed throughout the matrix, more filler content is generally needed 
to achieve an interconnected network and good percolation [85].  
 For a low percolation threshold, it is generally desirable to have a 
heterogeneously dispersed network of conductive nanofiller. As shown in Figure 4.2d 
and f, the dispersion of CNT varies for the MC-CM film and E-CM film. The CNT is 
more heterogeneously dispersed in the E-CM film compared to the MC-CM film. This 
heterogeneous dispersion may lead to a more interconnected network and contribute to 
the higher conductance of the E-CM film at 1 wt% of CNT.  
 Because of the sensitivity of electrical measurements, any remnant solvent in the 
E-CM films may alter the electrical response. TGA was performed on the E-CM films in 
order to determine whether there was remnant solvent and a representative TGA of the 1 
wt% CNT E-CM film is shown in Figure 4.10. It is apparent that there is no remnant 
solvent in the E-CM films and therefore it was concluded that this is not a dominating 
factor for the difference in electrical response between the CNT MC-CM and E-CM 
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films. The primary mechanism for the difference in electrical response is concluded to be 










While the nanofiller type and compounding methods employed to fabricate the 
composite films did not have a significant effect on the crystallization behavior of the 
films, the microstructure, as well as the thermo-mechanical and electrical response of the 
films was significantly altered. The melt spun fibers had a significantly larger diameter 
compared to the electrospun fibers. Furthermore, the electrospun fiber diameter was not 
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constant. The heterogeneous dispersion of CNT in the E-CM films may be attributed to 
the significant agglomerates seen in the electrospun fibers. Upon addition of nanofiller, 
both GNP and CNT, the storage modulus significantly increased indicating the 
constriction of polymer chain mobility due to the presence of nanofiller.  
The difference in low frequency |Z*| between the GNP MC-CM and CNT MC-
CM films is attributed to the difference in surface composition and geometry of the GNP 
and CNT and a percolation threshold greater than 3 wt% is reported for the GNP MC-CM 
film, while a percolation threshold lower than 1 wt% is reported for the CNT MC-CM 
film. The compounding method had a less significant effect on the electrical response. 
Both the CNT MC-CM and CNT E-CM films percolated at CNT content less than 1 
wt%; however, the 1 wt% E-CM film displayed a lower low frequency |Z*| compared to 
the 1 wt% MC-CM film, indicating a higher conductance. The primary mechanism 
responsible for the lower low frequency |Z*| of the CNT E-CM film, is the more 
heterogeneous dispersion of CNT throughout the matrix, facilitating an interconnected 




EVALUATING THE INFLUENCE OF NANOFILLER 
CHARACTERISTICS AND PROCESSING CONDITIONS ON THE 
ELASTIC MODULUS OF NANOCOMPOSITE FILMS 
 
 This chapter focuses on investigating the influence of specific parameters, such as 
nanofiller aspect ratio, processing conditions, and nanofiller type and content, on the 
elastic modulus of the composite films. Micromechanical modeling was used to help 
identify the effect of aspect ratio on the elastic modulus of the PLA composite films. The 
GNP MC-CM slow cooled films were used as the case study and experimental data was 
fit to four well-known micromechanical models for composites: 1) Halpin-Tsai (HT) 
unidirectional [89], 2) Halpin-Tsai (HT) randomly oriented [90], 3) Tandon-Weng (TW) 
unidirectional [91], and 4) Tandon-Weng (TW) randomly oriented [92]. The constants, 
assumptions, and limitations of the four micromechanical models are discussed. 
Furthermore, in order to examine the effect of multiple factors on the composite film 
elastic modulus, a design of experiments was performed. Specifically, a 2
3
 factorial 
design was used and the following three factors were considered: 1) nanofiller type, GNP 
versus CNT, 2) nanofiller content, and 3) processing conditions, fast cooling (FC) versus 




5.1 Elastic Modulus: Micromechanical Models vs. Experimental Results 
5.1.1 Theoretical Models and Assumptions 
 The experimental data for the elastic modulus is compared to four well-known 
theoretical micromechanical models to gain a better understanding of the effect of filler 
aspect ratio on the elastic modulus of the composite. Both the Halpin-Tsai (HT) model 
for the approximation of the longitudinal tensile modulus (E11) in a unidirectional, fiber-
reinforced composite, referred to as HT U, and the HT model for E11 in a randomly 
oriented, discontinuously fiber-reinforced composite, referred to as HT R, are considered. 
The equations describing the E11 for the unidirectional and randomly oriented cases are 




















)] 𝐸0 (5.2) 
where E0 is the modulus of the matrix material, ξ is a function of the filler material’s 
aspect ratio, α, and for platelet shaped fillers, ξ = 2/3α, and c is the filler volume percent. 



















 Furthermore, the Tandon-Weng (TW) models for the approximation of E11 for 
both the unidirectional (TW U) and randomly oriented, discontinuous (TW R) composite 
cases are also considered. The equations describing the E11 for the unidirectional and 










where A1, A2, A, and p11 are functions of the nanofiller aspect ratio and are further 
described in Appendix A and ν0 is the Poisson’s ratio of the matrix. 
 Several assumptions were made for the four theoretical micromechanical models. 
Table 5.1 outlines the constants and assumptions used for all of the models. The 
experimental elastic modulus of PLA was used to account for the influence of specific 
processing conditions on the films. GNP often is reported to have an elastic modulus of 
up to 1 TPa, however, this value is based on monolayer graphene [93], which will have a 
higher modulus than the GNP used in this study. The elastic modulus of GNP was 
assumed to be 70 GPa [94, 95] based on previous research. The experimental data and the 
predictions of the four models for the elastic modulus of the GNP MC-CM composite 
film are shown in Figure 5.1. The theoretical value of 150 [41] was used as the aspect 
ratio. Included in Figure 5.1 are the predictions for the longitudinal and transverse 
modulus of a unidirectional continuous fiber reinforced composite, representing the upper 
and lower bounds of the behavior. The longitudinal and transverse moduli are outlined in 
equations (5.7) and (5.8), respectively. 
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𝐸11 = 𝑐𝐸1 + (1 − 𝑐)𝐸0 (5.7) 
𝐸22 =
𝐸1𝐸0
𝐸1 − 𝑐(𝐸1 − 𝐸0)
 (5.8) 
where E11 and E22 are the longitudinal and transverse moduli, respectively, E0 and E1 are 




Table 5.1 Assumptions and constants used in the micromechanical models 
Property Value 
Determination Method / 
Reference 
GNP thickness, t (nm) 10 [41] 
GNP diameter/length (μm) 1.5  [41] 
Poisson’s ratio, PLA 0.36 [6] 
Poisson’s ratio, GNP 0.25 [96] 
Elastic modulus of PLA (GPa) 3.179 Tensile test 
Elastic modulus of GNP (GPa) 70 AFM [94, 95] 
Density of PLA (g/cm
3
) 1.9 [46] 
Density of GNP (g/cm
3











 The largest limitation of the micromechanical models is that they assume: 1) 
perfect contact between the nanofiller and polymer, 2) a specific orientation of the 
nanofiller throughout the matrix (i.e. unidirectional or randomly aligned), and 3) 
homogeneous distribution and dispersion or no agglomerations [90-92, 95].  
  There are several differences in the morphology/structure of what is assumed in 
the theoretical models and that of the composites made, a schematic representation is 
shown in Figure 5.2. First, the samples do not have a completely homogeneous 
distribution or dispersion of GNP. While there should be some degree of orientational 
ordering in the plane of the films (x-y plane), due to the applied pressure during 
compression molding there should be no positional ordering. The modulus of ~70 GPa 
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used for the GNP in the model is the longitudinal modulus and therefore there will be 
some discrepancy in the modulus if the GNP are not completely aligned in the plane of 
the film (x-y plane). Furthermore, the existence of agglomerations will alter the perceived 
aspect ratio of the model by increasing the apparent or effective thickness of the GNP 
(t*), as seen in Figure 5.2. The micromechanical models used also assume a perfect 
contact at the nanofiller/polymer interface. In reality, the interface region should most 
likely be treated as an additional phase in the micromechanical models. Furthermore, any 
micro-voids or porosity that result in decrease of the elastic modulus are not taken into 




Figure 5.2 Schematic of the side view of the a) unidirectional theoretical and b) 













5.1.2 Effect of Aspect Ratio 
 In order to understand the effect of the aspect ratio on the modulus of the 
composites, which means the importance of the homogeneous dispersion assumption, the 
following parametric study was conducted. GNP agglomerates alter t* thereby altering α 
which is an input parameter in the models. The diameter of the GNP was assumed 
constant at 1.5 μm. Perfect contact between GNP was also assumed. Assuming a very 
small agglomerate, i.e. consisting of only three graphite platelets, shown schematically in 
Figure 5.3, the corresponding values for the effective thickness and aspect ratio are ~30 
nm and ~50, respectively. As seen in Table 5.2, the modulus values predicted by all four 
models are significantly reduced for the case of the small agglomerates. However, the 
models still over predict the modulus. Each model was then optimized to fit the 
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5.459 7.668 5.884 9.710 3.988 3.961 3.968 4.181 
*Note that all units are in GPa 
 
  
 Upper and lower bounds for α were determined by fitting the experimental data to 
the unidirectional HT and TW models and randomly oriented HT and TW models, 
respectively. The lower bound for α is between 1.00 and 1.46, while the upper bound is 
between 1.50 and 2.08. The lower bound corresponds with an agglomerate size of 
between 1.0 – 1.5 μm and the upper bound corresponds with an agglomerate size between 
720 nm and 1 μm. Considering that the assumption of homogeneous distribution and 
perfect contact at the interface hold true, the optimized fit of the models indicates there 
are significant agglomerations present in the composite system which are altering the 
effective GNP size. However, along with α, E1 is influenced by GNP agglomeration size. 
The effective modulus (E*) of the GNP will decrease as the agglomeration size increases 
due to slipping of the GNP with respect to each other and the presence of voids among 
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them. This will also affect the t* of the system and the models can be updated to reflect 
the new assumptions.  
5.1.3 Effect of Nanofiller Agglomeration and Effective Modulus 
 As α increases due to GNP agglomeration, the effective elastic modulus (E*) of 
the GNP will change. The GNP aggregate can be modeled as a composite system 
consisting of GNP and voids. A schematic of a small GNP agglomerate is shown in 
Figure 5.4 where a minimal agglomeration size of approximately three graphite platelets 
was assumed and the spacing between platelets was assumed to be ~5 nm. Therefore, t* 
was ~40 nm and assuming no reduction in diameter of GNP, the aspect ratio was ~37.5. 
The rule of mixtures, equation (5.7), was then used to approximate the effective elastic 
modulus (E*) of the GNP agglomerate. In this case, E0 is assumed to be zero to represent 
the voids between graphite platelets. Therefore, the E* was approximately 52.3 GPa for 
the small agglomerate case. The micromechanical models were updated to reflect the new 
parameters, seen in Table 5.3. However, the models still over predict the modulus, 
therefore each of the models was optimized to fit the experimental data and the 





Figure 5.4 Schematic of GNP agglomerate with assumed GNP spacing of 5 nm 
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4.998 6.513 5.237 7.926 3.950 3.952 3.960 4.126 




 The lower and upper bounds for α were determined by fitting the experimental 
data to the randomly oriented HT and TW models and unidirectional HT and TW models, 
respectively. When considering the change in effective modulus with agglomeration size, 
the lower bound for α is between 1.15 and 1.17 with an effective modulus of ~46.6 GPa 
and the upper bound for α is between 1.50 and 2.29 with an effective modulus of ~46.7 
GPa. The lower bound corresponds to an agglomerate size of approximately 1.3 μm and 
the upper bound corresponds to an agglomerate size between 655 nm and 1 μm.  
 Despite changing the effective modulus of the reinforcement, the predicted upper 
and lower bounds of α are comparable to that of the case where the modulus of the GNP 
was held constant at 70 GPa. For the HT models, as α decreases, the influence of the 
GNP modulus has less impact on E11. This can be seen mathematically in equations (5.3) 
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and (5.4). For the TW models, altering the modulus of the GNP only affects the Lamé 
constants, λ1, μ1, and κ1. However, α heavily influences Eshelby’s tensor which has a 
strong effect on E11. Eshelby’s tensor as well as the other components of the TW models 
are further described in Appendix A.  
 While, studying the effect of α and E* through a parametric study can help 
describe the behavior of the composite, it is important to keep in mind the assumptions 
used to describe the system. For example, the parametric study only took the GNP 
dispersion / agglomerate size into consideration. Neither the models nor the parametric 
study took any heterogeneity in the GNP distribution into consideration. In order to better 
understand the factors that influence the GNP/PLA composite film modulus, design of 
experiments was used. 
5.2 Process-Structure-Property Relationship through Design of Experiments 
 One of the primary aims of this work is to understand the relationship between 
nanofiller geometry, nanofiller content, and processing conditions. Using design of 
experiments, specifically a factorial design regression analysis technique, experiments 
can be performed more efficiently and multiple variables can be compared 
simultaneously reducing the number of necessary experiments and saving time. Factorial 
design can also isolate the effect of each parameter/factor and help with the interpretation 
of results, particularly when there are interaction or synergistic effects. Through the use 
of factorial design the effect of each factor on a given composite property can be 
determined through a single calculated value [97].   
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The simplest two-level factorial design structure of 2
k
 is used, with k = 3.  The 2 
represents the two different levels at which k factors will be evaluated. In this case, there 
are eight factor-level combinations. First the effect of each factor is considered through 
analysis of variance (ANOVA) and then predictions for the composite performance is 
considered for each factor and a regression model is proposed. The effect of each factor 
on the elastic modulus of the composite films was considered.    
5.2.1 Analysis of Variance, ANOVA 
The ANOVA for the 2
3 
factorial design is presented in Table 5.4. Factors A, B, 
and C represent the main effects, while AB, BC, and AC are the two-factor interactions, 
and ABC is the three-factor interaction. Using the computed values in Table 5.4, the 
significance of an effect or factor can be determined. The Fo value was compared to the 
F* value, which was obtained using a F-statistics table for a confidence level of 5% and 
the given degrees of freedom. When Fo/F* > 1, the effect is significant, and when Fo/F* 


















Factor A 𝑎 − 1 SSA MSA MSA/ MSE 
Factor B 𝑏 − 1 SSB MSB MSB/ MSE 
Factor C 𝑐 − 1 SSC MSC MSC/ MSE 
AxB (𝑎 − 1)(𝑏 − 1) SSAB MSAB MSAB/ MSE 
AxC (𝑎 − 1)(𝑐 − 1) SSAC MSAC MSAC/ MSE 
BxC (𝑏 − 1)(𝑐 − 1) SSBC MSBC MSBC/ MSE 
AxBxC (𝑎 − 1)(𝑏 − 1)(𝑐 − 1) SSABC MSABC MSABC/ MSE 
Error 𝑎𝑏𝑐(𝑛 − 1) SSE MSE  
Total (𝑎𝑏𝑐𝑛 − 1) SSTotal   
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𝑎, 𝑏, and c are the number of levels for A, B, and C, respectively. In the case of a 23 
factorial design, 𝑎 = 𝑏 = 𝑐 = 2. Furthermore, 𝑛 is the number of observations per factor 
level combination. In this design, 𝑛 = 5 was used in accordance with the recommended 
number of observations for each test. The sum of squares equations (SS) for the main 











































 levels of 
factors A, B, and C, respectively. The sum of squares equations for two-factor 










































− 𝑆𝑆𝐵 − 𝑆𝑆𝐶 (5.14) 
 


















− 𝑆𝑆𝐴 − 𝑆𝑆𝐵 − 𝑆𝑆𝐶 − 𝑆𝑆𝐴𝐵 − 𝑆𝑆𝐴𝐶 − 𝑆𝑆𝐵𝐶 (5.15) 
















5.2.2 Regression Model 
 For a 2
3
 factorial design, the regression model outlined in equation (5.17) can be 
used to describe the experimental results [97]: 
𝑌 = 𝛽0 + 𝛽𝐴𝑥𝐴 + 𝛽𝐵𝑥𝐵 + 𝛽𝐶𝑥𝐶 + 𝛽𝐴𝐵𝑥𝐴𝑥𝐵 + 𝛽𝐴𝐶𝑥𝐴𝑥𝐶 + 𝛽𝐵𝐶𝑥𝐵𝑥𝐶 + 𝛽𝐴𝐵𝐶𝑥𝐴𝑥𝐵𝑥𝐶 (5.17) 
where β0 is the overall mean, the β’s are the regression coefficients, and the 𝑥’s are the 
coded variables and are calculated for each variable as described in equation (5.18):  
𝑥𝐴 =
𝐴 − (𝐴𝑙𝑜𝑤 + 𝐴ℎ𝑖𝑔ℎ) 2⁄
(𝐴ℎ𝑖𝑔ℎ − 𝐴𝑙𝑜𝑤) 2⁄
 (5.18) 
𝑥𝐵 and 𝑥𝐶 are also described by equation (5.18), but with B and C substituted for A, 
respectively.  
 The main and secondary effects (A, B, C, AB, AC, BC, and ABC) are needed in 
order to calculate the regression model coefficients (β’s). The treatment combinations are 
denoted with lower case letters, as seen in Table 5.5, and a high level of any factor is 
represented with the lowercase letter of that factor, while the low levels are indicated by 
the absence of a corresponding letter. For example, the treatment combination labeled 𝑎 
indicates that factor A is at its high level (+) and B and C are at their low level (-). When 
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Table 5.5 Treatment combination notation and signs for 2
3





Factorial Design Effects 
A B C AB AC BC ABC 
1 ℓ - - - + + + - 
2 𝑎 + - - - - + + 
3 𝑏 - + - - + - + 
4 𝑐 - - + + - - + 
5 𝑎𝑏 + + - + - - - 
6 𝑎𝑐 + - + - + - - 
7 𝑏𝑐 - + + - - + - 




The effects outlined in Table 5.5 are described below, with the main effect A described in 
equation (5.19): 
𝐴 = ?̅?𝐴+ − ?̅?𝐴− (5.19) 
Where ?̅?𝐴+  is the average value of the four runs where A is at the high level (+) and ?̅?𝐴− 
is the average value of the four runs where A is at the low level (-). Therefore, using 




{(𝑎 + 𝑎𝑏 + 𝑎𝑐 + 𝑎𝑏𝑐) − (ℓ + 𝑏 + 𝑐 + 𝑏𝑐)} (5.20) 
Similarly, the main effects of B, C, AB, AC, BC, and ABC can be written as shown in 

























{(𝑎 + 𝑏 + 𝑐 + 𝑎𝑏𝑐) − (ℓ + 𝑎𝑏 + 𝑎𝑐 + 𝑏𝑐)} (5.26) 
The regression coefficients included in equation (5.17) are described below in equations 
(5.27) – (5.33): 
𝛽𝐴 = 𝐴 2⁄  (5.27) 
𝛽𝐵 = 𝐵 2⁄  (5.28) 
𝛽𝐶 = 𝐶 2⁄  (5.29) 
𝛽𝐴𝐵 = 𝐴𝐵 2⁄  (5.30) 
𝛽𝐴𝐶 = 𝐴𝐶 2⁄  (5.31) 
𝛽𝐵𝐶 = 𝐵𝐶 2⁄  (5.32) 
𝛽𝐴𝐵𝐶 = 𝐴𝐵𝐶 2⁄  (5.33) 
Error or coefficient of determination (R
2
) describes the proportion of the total variance 
that is explained by the model.  The closer R
2
 is to one, the better the “fit” of the model. 
R
2 
is described by equation (5.34) [97]:  




5.2.3 Factor Selection and Factorial Design Results 
Factorial design in used to determine the factor(s) that most significantly affect 
the elastic modulus of the PLA composite films. The parameters chosen were: 1) 
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nanofiller type, CNT or GNP, 2) nanofiller content, 1 or 3 wt%, and 3) cooling rate 
during compression molding, FC or SC. The factors chosen are outlined in Table 5.6. The 









Nanofiller Type GNP CNT 
Nanofiller Content (wt%) 1 3 





 The ANOVA was performed for the elastic modulus using Table 5.4 and 
equations (5.9) – (5.16). The results of the ANOVA is shown in Table 5.7 in the last 
column labeled Fo. The significance level of an effect is determined using the F-statistics 
method. Fo is compared to the F* value obtained from the F-statistics table in Appendix 
B. In order to obtain F*, a significance level of 5% was used and the degrees of freedom 
were 1 for the numerator and 32 for the denominator, therefore, F* = 4.17. If the Fo value 
is greater than the F* value, then the factor is statistically significant. The Fo/F* values 






Table 5.7 The Analysis of Variance Table for the elastic modulus 






Nanofiller Type (A) 1 0.005018 0.005018 0.4036 
Nanofiller Content (B) 1 0.005954 0.005954 0.4789 
Processing (C) 1 2.475 2.47506 199.1 
Nanofiller Type x Nanofiller Content (AB) 1 0.1032 0.103226 8.302 
Nanofiller Type x Processing (AC) 1 0.0002401 0.0002401 0.01931 
Nanofiller Content x Processing (BC) 1 0.06740 0.06740 5.421 
Nanofiller Type x Nanofiller Content x 
Processing (ABC) 
1 0.01109 0.01109 0.8919 
Error 32 0.3979 0.01243 1 





Table 5.8 Fo/F* values based on ANOVA for the elastic modulus 2
3
 factorial design 
Effect/Factor  Elastic Modulus 
Nanofiller Type (A) 0.09678 
Nanofiller Content (B) 0.1148 
Processing (C) 47.74 
Nanofiller Type x Nanofiller Content (AB) 1.991 
Nanofiller Type x Processing (AC) 0.004631 
Nanofiller Content x Processing (BC) 1.300 




 As seen in Table 5.8, processing conditions have a significant effect on the elastic 
modulus. The regression model described in equation (5.17) can be written using 
equations (5.27) – (5.33) to calculate the regression coefficients. Only the significant 
effects, underlined in Table 5.8, are taken into consideration. The regression model for 
the elastic modulus is described by equation (5.35): 
𝑌 = 2.976 + 0.2488𝑥𝐶 + 0.0508𝑥𝐴𝑥𝐵 + 0.4105𝑥𝐵𝑥𝐶 (5.35) 
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The error of the proposed regression model was calculated using equation (5.34). The R
2
 
value was ~0.87. Therefore, the regression analysis model shown in equation (5.35) can 
describe the experimental data with an uncertainty of ~13%.  
 The effect of processing conditions on the elastic modulus can be visualized using 
an interaction plot shown in Figure 5.5. The slope of the four lines represent the change 
in elastic modulus with respect to the cooling rate. The larger the magnitude of the slope, 
the more significant the effect is on the elastic modulus. All of the slopes are comparable 
and have a magnitude greater than zero, indicating that there is a strong correlation 
between cooling rate during compression molding and elastic modulus.  Similarly, the 
effect of nanofiller type is shown in Figure 5.6. The slope of the lines are all 
approximately zero, indicating there is no significant correlation between the nanofiller 










Figure 5.6 Effect of nanofiller type on the elastic modulus 
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5.3 Conclusions 
 The influence of parameters such as aspect ratio, processing conditions, and 
nanofiller type and content on the elastic modulus of the composite films was examined. 
Upper and lower bounds of the GNP aspect ratio were examined through a parametric 
study. The aspect ratio of the reinforcing phase will decrease with increased GNP 
agglomeration size assuming no change in GNP diameter. Furthermore, due to non-
perfect contact between GNP in the aggregates and the presence of voids, the effective 
elastic modulus of the GNP will change with agglomeration size. The models predicted 
the presence of significant GNP agglomerates. However, the accuracy of the 
micromechanical modeling is limited by a few critical assumptions. The models assume: 
1) perfect contact between the nanofiller and polymer, 2) a specific orientation of the 
nanofiller throughout the matrix (i.e. unidirectional or randomly aligned), and 3) 
homogeneous distribution and dispersion or no agglomerations. Design of experiments 
was used to determine the effect of nanofiller type, content, and processing conditions on 
the composite films. It was determined that the processing conditions, cooling rate during 
compression molding, had the most significant effect on the elastic modulus of the films 





INVESTIGATION OF FULLY BIODEGRADABLE AND 
BIORENEWABLE POLYLACTIC ACID NANOCOMPOSITE FILMS 
 
 The use of carbon based nanofillers, specifically GNP and CNT, has been 
thoroughly explored. This chapter focuses on investigating fully biodegradable and 
biorenewable PLA composite films through the use of CNC as the nanofiller. The 
incorporation of CNC in PLA has previously been explored through melt compounding 
coupled with the use of solvents, compatibilizers, and chemical modification of the CNC 
[98-107]. The use of silylated CNC (s-CNC) [99, 102] and plasticizers, such as glycerol 
triacetate (GTA) [101] and polyethylene glycol (PEG) [100], have been shown to 
enhance dispersion and minimize agglomerations in PLA composites and alter other 
composite properties. For example, they result in an increase of elongation at break, but a 
decrease in both the elastic modulus and tensile strength of PLA as reported [100, 103]. 
Additionally, the use of toxic solvents and time consuming functionalization steps are not 
ideal for creating scalable products. An alternative approach to incorporating CNC into 
PLA is melt compounding combined with liquid feeding [101, 104]. CNC tend to 
agglomerate when dry due to their high surface area to volume ratio [104]. Therefore, 
direct liquid feeding of an aqueous CNC suspension is used to help minimize CNC 
aggregation [104]. When using this type of approach, it is important to consider the 
miscibility of the aqueous medium and the polymer. For example, in previous research a 
CNC/polyvinyl alcohol (PVOH) suspension was fed into an extruder with PLA; however, 
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the immiscibility of PLA and PVOH led to phase separation and CNC was preferentially 
located in the PVOH phase [105].  
This chapter focuses on creating a baseline for CNC/PLA composite film 
performance for scalable applications. The unique processing aspect of this chapter is that 
it focuses on fabricating CNC/PLA films via a two-step process: 1) melt compounding 
using direct liquid feeding, followed by melt fiber spinning and 2) compression molding, 
as described in Chapter 2. By fiber spinning prior to compression molding, the CNC 
agglomeration size may be partly controlled and minimized. Fabrication of melt spun 
CNC/PLA fibers has previously been investigated and the composite fibers displayed 
enhanced thermal stability due to the hindered polymer chain mobility upon addition of 
CNC [106]; however, these fibers were not compression molded to make films. This 
additional step may alter the thermal-mechanical properties. The effect of CNC on PLA 
fracture surface morphology, crystallization behavior, thermo-mechanical properties, and 
mechanical performance was investigated.  
6.1 Film Microstructure 
 Representative SEM images of the cryo-fracture surface of the 0 wt% and 3 wt% 
CNC/PLA films are shown in Figure 6.1. The flatter fracture surface of the composite 
film as compared to the neat PLA film is indicative of a more brittle fracture event, 
suggesting that the CNC additions are making the PLA more brittle. This embrittlement 
is similar to that reported by John et al. [106], in which melt spun fibers having 3 wt% 
CNC had a lower tensile strength and elongation at break as compared to neat PLA 
fibers. There are many potential mechanisms for the property change, one that is 
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considered here is that the CNC additions altered the crystallization behavior of the PLA 
[108]. CNC has been shown to act as a nucleating agent, promoting crystallization [102], 
in which changes in the extent of PLA crystallization would alter the fracture properties 
of the composite. To assess the role of CNC on the PLA crystallization, the 





      
 
Figure 6.1 Representative SEM images of cryo-fracture surfaces for a) 0 wt% 




6.2 Crystallization Characterization of Composite Films 
 Crystallization behavior of the CNC/PLA melt spun fibers and films were 
examined in order to investigate the effect of CNC on PLA crystallization characteristics. 
Initial heating thermograms, seen in Figure 6.2, were used to calculated the degree of 
crystallinity (χ) and examine the cold crystallization enthalpy (ΔHc), and cold 











Table 6.1 Degree of crystallinity (χ), cold crystallization enthalpy (ΔHc), and cold 
crystallization temperature (Tcc) for CNC/PLA fibers and films 
 χ (%) |ΔHc| (J/g) Tcc (°C) 
 Fibers Films Fibers Films Fibers Films 
0wt% CNC 5.7±2.4 11.5±0.8 22.7±2.6 16.2±2.1 113.2±0.5 113.0±0.5 
1wt% CNC 2.2±2.1 24.1±0.2 28.0±2.9 7.3±1.3 113.7±0.2 110.2±0.1 
2wt% CNC 1.6±1.2 25.3±0.2 28.2±2.8 5.8±0.7 114.5±1.4 109.9±0.2 
3wt% CNC 1.3±1.3 29.7±0.5 29.8±0.7 1.9±0.2 113.2±1.3 109.3±0.1 




 The fibers are highly amorphous with large |ΔHc| because the PLA chains do not 
have ample time to organize into crystalline lamella due to the rapid cooling of the fibers 
during melt spinning. However, the films’ degree of crystallinity is higher than that of the 
fibers and also increases with increasing CNC content due to the slow cooling rate during 
compression molding allowing time for crystallization coupled with CNC acting as a 
nucleating agent. For example, the 0 wt% CNC film has a relatively low crystallinity at 
approximately 11.5%, while the 3 wt% CNC film has a relatively high crystallinity at 
approximately 29.7%. Furthermore, both the |ΔHc| and Tcc decrease with increased CNC 
content, seen in Figure 6.2c and d and displayed in Table 6.1. This increase in χ and 
decrease in both |ΔHc| and the cold crystallization peak as a function of CNC content 
indicates that the CNC are acting as nucleating agents, promoting crystallization in the 
PLA films [102]. As seen in Figure 6.2e and f, the melting endotherms for both the fibers 
and films are comparable and do not change with increased CNC content. Both the fibers 
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and films displayed double melting behavior, which as outlined in Chapter 3 is indicative 
of either polymorphism or melt recrystallization. To further investigate the crystal 
structure of the composite fibers and films, diffraction patterns were examined.  
 The diffraction patterns of the CNC composite fibers and films are seen in Figure 
6.3. Both the fibers and films were comprised of primary α phase crystals and do not 
display evidence of a secondary crystal phase, therefore the double melting behavior seen 
in Figure 6.2 is due to melt recrystallization and not polymorphism. The diffraction 
patterns of the fibers, seen in Figure 6.3a, display a broad maximum at 2θ = 16.7° 
corresponding to the characteristic plane of α(200 + 110) [62] and this is in good 
agreement with the low crystallinity calculated using equation (3.1) and displayed in 
Table 6.1. The CNC films display characteristic peaks of crystalline PLA at 2θ = 16.7° 
and 19.1° which correspond to the α phase crystalline peaks with characteristic planes of 







Figure 6.2 Non-isothermal initial heating thermograms of CNC/PLA a) fibers, b) 
films, c) fiber cold crystallization peaks, d) film cold crystallization peaks, e) fiber 
melting endotherms, and f) film melting endotherms  
 103 
  
Figure 6.3 Diffraction patterns obtained for the CNC/PLA a) fibers and b) films as a 
function of CNC content 
  
 
 The diffraction behavior of both the composite fibers and films is dominated by 
the PLA phase, which is the primary phase of the composite. In order to ascertain the 
crystal structure of the reinforcing phase, the as-received CNC/water suspension was 
dried in a vacuum oven and the diffraction pattern of the resultant CNC mat is shown in 
Figure 6.4. The CNC display primary peaks at 2θ = 15.1°, 17.5°, and 22.7° with a weak 
diffraction peak at 34.4° which correspond to the cellulose I crystal planes (1-10), (110), 
(200), and (040), respectively [99, 109, 110]. Diffraction peaks are also seen at 2θ = 
12.5° and 20.1° which is consistent with the primary peaks associated with cellulose II 
which are at 2θ = 12.5°, 20.1°, 22.7°, and 34.4° [110]. The obtained crystal structure of 
the CNC mat is consistent with previously reported highly crystalline CNC of both 
cellulose I and II [99, 109]. The existence of cellulose II in the CNC is typical of CNC 
from Forest Products Laboratory and is likely an artifact of using dissolving pulp as a 
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source material [111], but may also be attributed to the acid hydrolysis extraction method 





Figure 6.4 Diffraction pattern of a CNC mat with cellulose I and cellulose II 





 To further investigate the crystal structure of the composite films as a function of 
CNC content, the average lamella thickness at the PLA primary diffraction peaks, 16.7° 
and 19.1°, was calculated using equation (3.2). As seen in Figure 6.5, the average lamella 
thickness does not significantly change for either primary diffraction peak as a function 
of CNC content. However, the degree of crystallinity significantly increases as a function 
of CNC content, as reported in Table 6.1, indicating that while the crystallinity of the 
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films is increasing the average spherulite size is constant. Therefore, as the CNC content 





Figure 6.5 Average crystal lamella thickness of the two dominant diffraction peaks, 





6.3 Thermo-mechanical and Mechanical Response of Composite Films 
 The thermo-mechanical behavior of the CNC/PLA films, both the storage 
modulus (Eʹ) and loss modulus (Eʺ), was investigated as a function of CNC content. The 
results are seen in both Table 6.2 and Figure 6.6. The storage modulus increases 
significantly from 1.9 ± 0.3 GPa to 2.7 ± 0.0 GPa with the addition of only 1 wt% CNC. 
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As detailed in Chapter 4, this increase in storage modulus can be attributed to hindered 
polymer chain mobility due to: 1) an increase in polymer crystallinity [67], 2) the 
addition of CNC constricting polymer chain movements [82, 83], or 3) a combination of 
1) and 2). In this case, the significant increase in storage modulus can be attributed to a 
combinatory effect because, as shown in Table 6.1, not only is CNC added to the system, 
but the degree of crystallinity is increasing. Furthermore, as displayed in Table 6.2, there 
is a slight increase in glass transition temperature (Tg) with the addition of 3 wt% CNC. 
The Tg values reported in Table 6.2 are from tanδ which is defined as Eʺ/Eʹ. Additionally, 
the loss modulus peak shows some indication of broadening upon the addition of CNC, 
particularly at a higher CNC content of 3 wt%. This can be attributed to both the increase 
in PLA matrix crystallinity coupled with the addition of CNC, which will further hinder 
polymer chain mobility resulting in a slight broadening of the glass transition region 




Table 6.2 Thermo-mechanical behavior of CNC/PLA films as a function of CNC 
content 
 Eʹ at 35°C (GPa) Tg, from tanδ (°C) 
0 wt% CNC 1.9 ± 0.3 79.3±0.8 
1 wt% CNC 2.7 ± 0.0 79.5±0.3 
2 wt% CNC 2.7 ± 0.1 78.8±0.0 








Figure 6.6 a) Storage modulus and b) loss modulus of the CNC/PLA films as a 





 The elastic modulus, E, of the composite films as a function of CNC content is 
shown in Figure 6.7. As seen in Figure 6.7, there is a minimal change in elastic modulus 
as a function of CNC content for the CNC/PLA films. This is similar to that reported by 
John et al. [106], in which melt spun fibers having 3 wt% CNC additions had a modest 
0.2 GPa increase in elastic modulus as compared to the neat PLA fibers. The previously 
reported elastic modulus of CNC (in the axial direction is ~60-105 GPa [112] and 20-50 
GPa [113] in the transverse direction) is higher than that of PLA (~3 GPa), therefore, an 
increase in elastic modulus upon addition of CNC would be expected. However, while 
CNC have a higher intrinsic elastic modulus, there are several factors that may influence 
the modulus of the composites including: 1) the CNC/polymer interfacial interactions, 2) 
CNC distribution and dispersion, 3) CNC alignment, and even 4) moisture content in the 
composite [20].  Poor interfacial adhesion may also lead to poor nanofiller distribution 
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and dispersion, which has previously been reported for CN/PLA composites fabricated 
via melt compounding [114]. Furthermore, because the CNC/PLA films were fabricated 
using direct liquid feeding of the as-received CNC/water suspension, TGA was 
performed on the films to investigate whether any moisture was present and 
representative results of the 3 wt% CNC/PLA films are seen in Figure 6.8. There is no 
significant moisture content present, therefore excess moisture is not a dominating factor 
to the plateau in elastic modulus with the addition of CNC content. Furthermore, due to 
the introduction of water during processing, the degradation of the 3 wt% CNC film was 
compared to the as-received PLA pellets. As seen in Figure 6.8a and b, the thermal 
stability of the 3 wt% CNC film is comparable to the as-received PLA pellets and does 
not appear to be compromised.  
   
 
Figure 6.7 Elastic modulus of the CNC/PLA films as a function of CNC content 
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 Cryo-fracture surface SEM images indicated a more brittle fracture surface 
morphology upon addition of CNC when compared to neat PLA. This can be attributed to 
the increase in polymer matrix crystallinity with the addition of CNC, indicating CNC is 
acting as nucleating agents, promoting crystallization. While the CNC did not 
significantly alter the PLA crystal structure or spherulite lamella thickness, the CNC used 
was highly crystalline and composed of both cellulose I and II types due to the use of 
dissolving pulp as a source material and the acid hydrolysis extraction method. The 
storage modulus of the films did increase with the addition of CNC due to the increased 
polymer matrix crystallinity coupled with the hindered polymer chain mobility caused by 
the addition of nanofiller. There was not a significant change in elastic modulus with the 
 110 
addition of CNC which can be attributed to the: 1) CNC/polymer interfacial interactions, 
2) CNC distribution and dispersion, and/or 3) CNC alignment.  
 The incorporation of CNC in PLA via MC-CM to fabricate fully biodegradable 
and biorenewable films using a scalable production method was explored in this chapter. 
While the use of unmodified CNC did show promise to increase the crystallinity of PLA, 








This study has explored process-structure-property relationships in biodegradable 
polymer nanocomposite films. It has been shown that the fabrication method, both in 
terms of processing conditions and compounding method, as well as nanofiller type and 
content play a significant role in altering the composite film properties.  
 The cooling rate during compression molding significantly altered the 
crystallinity of the PLA matrix in the MC-CM films. Furthermore, there was a significant 
difference in percolation threshold between the FC and SC GNP/PLA films. The FC 
films percolate between 12-15 wt% of GNP while the SC films percolate between 3-5 
wt% of GNP. The difference in percolation is attributed to the difference in 
crystallization behavior of the insulating polymer phase. The FC films are highly 
amorphous with a more homogeneous GNP distribution whereas the SC films are highly 
crystalline and have a more heterogeneous GNP distribution with smaller interparticle 
distances due to displacement of GNP during spherulite growth. The primary 
mechanisms for the lower percolation in the SC films are the decreased scattering of 
electrons through the ordered crystalline lamella in SC films coupled with the excluded 
volume effect present in SC films. Furthermore, factorial design was used to examine the 
influence of nanofiller type (CNT versus GNP), nanofiller content, and processing 
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conditions (FC versus SC) on the elastic modulus of the composite films. It is concluded 
through design of experiments that cooling rate during compression molding is the 
primary factor influencing the elastic modulus of both the CNT and GNP MC-CM films.   
 The compounding method also has an influence on the composite film properties. 
However, compounding method has a less significant effect on the properties. GNP SoC 
films exhibited similar crystallization behavior to the GNP SC films. However, the SoC 
films had a more homogeneous GNP distribution and dispersion due to the low viscosity 
of the polymer solution during processing which led to a percolation threshold between 
5-8 wt% of GNP compared to that of 3-5 wt% for the SC films. The lower percolation of 
the SC films is attributed to the difference in microstructure both in terms of micro-
porosity and dispersion/distribution of GNP coupled with the exclude volume effect. The 
effect of compounding on film properties was also explored by comparing CNT MC-CM 
films with CNT E-CM films. By comparing the use of electrospun fibers and melt spun 
fibers on compression molded films, the influence of compounding can be further 
isolated by eliminating some of the differences in fabrication, such as lack of compaction 
of SoC films compared to compression molded films. Both the CNT MC-CM and CNT 
E-CM films percolated at CNT content less than 1 wt%. However, the 1 wt% E-CM film 
displayed a lower low frequency |Z*| compared to the 1 wt% MC-CM film, indicating a 
higher conductance. The lower low frequency |Z*| of the 1 wt% CNT E-CM film is 
attributed to a more heterogeneous dispersion of CNT throughout the matrix, facilitating 
an interconnected nanofiller network. 
 The effect of nanofiller type, content, processing conditions, and compounding 
method on composite film properties was investigated in order to help eliminate the 
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commonly used trial and error approach to materials design through the creation of 
property roadmaps. Focusing or narrowing the design space can help facilitate the 
creation of nanocomposites with tailored properties for targeted applications. An example 
of a property roadmap created through this study is shown in Figure 7.1. The inverse of 
the low frequency |Z*| is displayed as a function of nanofiller content. It is important to 
note that this property roadmap is exclusive for the specific materials, manufacturing 
methods, and processing conditions employed in this study. The roadmap can be used to 
guide future design by outlining the influence of processing and nanofiller content on a 
given property.  
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Figure 7.1 Property roadmap example for low frequency impedance magnitude. 
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7.2 Future Work 
 Several recommendations for future research can be made based on the results 
presented in this work. It is suggested, an extensive study on specific processing 
parameters is performed in order to optimize nanocomposite film properties. Design of 
experiments can be used to investigate conditions such as screw speed and temperature 
during melt compounding, as well as solvent type and ultrasonication time for solvent 
cast films. Processing parameters, such as these, may have an effect on both nanofiller 
distribution and dispersion, as well as polymer matrix characteristics.  Using design of 
experiments would allow for the selection of optimal processing parameters for 
enhancing specific properties, such as high elastic modulus or low percolation threshold. 
Additionally, it is recommended to use enhanced computational modeling to better 
quantify the effect of aspect ratio and nanofiller agglomeration on the composite 
properties. Furthermore, it is recommended to perform a detailed analysis of nanofiller 
orientation through the use of X-ray diffraction. Texture analysis would allow for the 
quantification of the random in-plane nanofiller orientation within the composite films.  
 The electrical response of both GNP/PLA and CNT/PLA composite films was 
examined in this study. A percolation range was given for the composite films fabricated 
by all processing methods and conditions: less than 1 wt% for the CNT MC-CM and 
CNT E-CM films, 3-5 wt% for the GNP MC-CM SC films, 5-8 wt% for the GNP SoC 
films, and 12-15 wt% for the GNP MC-CM FC films. However, in the future it is 
recommended to expand this study to include an extensive range of nanofiller 
concentrations in order to pinpoint the percolation threshold for each of the films. This 
would allow for a more robust property roadmap for future materials design and 
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applications as it can allow for use of the minimum possible filler content keeping the 
cost low.     
 Additionally, exploring the use of functionalization and compatibilizers on 
CNC/PLA film properties is recommended. This study focused on investigating the 
potential of unmodified CNC/PLA films using a scalable processing technique. However, 
the use of modifiers and compatibilizers or plasticizers can help with distribution and 
dispersion of CNC in PLA. It is suggested to examine the potential trade-offs between 
using unmodified CNC in PLA and using modified CNC and compatibilizers. Additional 
processing steps may limit scalability and additives, such as plasticizers may not only 
compromise the biodegradability and biorenewablity, but also may compromise 
mechanical performance.    
 Finally, the design methodology used in this study could be expanded to other 
polymer nanocomposite materials systems. It would be of particular interest to explore 
hybrid composites. Utilizing a nucleating agent, such as CNC, combined with an 
electrically conductive nanofiller, such as CNT, in PLA may help enhance PLA’s 
crystallinity and electrical conductivity. Using knowledge of process-structure-property 
relationships can help optimize materials manufacturing and eliminate trial and error in 






COMPONENTS OF MICROMECHANICAL MODELING 
EQUATIONS 
 
A.1 Components of Eshelby’s Tensor 
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+ [1 − 2𝜈0 −
3
4(𝛼2 − 1)
] 𝑔} (A.6) 
𝑆1212 = 𝑆1313 =
1
4(1 − 𝜈0)






[1 − 2𝜈0 −
3
4(𝛼2 − 1)
] 𝑔} (A.7) 
where ν0 is the Poisson’s ratio of the matrix material, α is the aspect ratio of the inclusion, 








2⁄ − cos−1 𝛼} (A.8) 
When the inclusions are spherical (α = 1), Eshelby’s tensor simplifies to:  
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A.2 Components of Tandon-Weng Models 
A.2.1 Unidirectional Aligned Tandon-Weng Model Components  
The components A1, A2, and A are as follows: 
𝐴1 = 𝐷1(𝐵4 + 𝐵5) − 2𝐵2 (A.12) 
𝐴2 = (1 + 𝐷1)𝐵2 − (𝐵4 +𝐵5) (A.13) 
𝐴 = 2𝐵2𝐵3 − 𝐵1(𝐵4 + 𝐵5) (A.14) 
where the components B1, B2, B3, B4, and B5 are as follows: 
𝐵1 = 𝑐𝐷1 +𝐷2 + (1 − 𝑐)(𝐷1𝑆1111 + 2𝑆2211) (A.15) 
𝐵2 = 𝑐 + 𝐷3 + (1 − 𝑐)(𝐷1𝑆1122 + 𝑆2222 + 𝑆2233) (A.16) 
𝐵3 = 𝑐 + 𝐷3 + (1 − 𝑐)(𝑆1111 + (1 + 𝐷1)𝑆2211) (A.17) 
𝐵4 = 𝑐𝐷1 +𝐷2 + (1 − 𝑐)(𝑆1122 + 𝐷1𝑆2222 + 𝑆2233) (A.18) 
𝐵5 = 𝑐 + 𝐷3 + (1 − 𝑐)(𝑆1122 + 𝑆2222 + 𝐷1𝑆2233) (A.19) 
where c is the volume percent of inclusions in the matrix, Sijkl are the components of 
Eshelby’s tensor described in section (A.1), and the components D1, D2, and D3 are as 
follows: 
𝐷1 = 1 + 2(𝜇1 − 𝜇0)/(𝜆1 − 𝜆0) (A.20) 
𝐷2 = (𝜆0 − 2𝜇0)/(𝜆1 − 𝜆0) (A.21) 
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𝐷3 = 𝜆0/(𝜆1 − 𝜆0) (A.22) 
where μ0 and λ0 are Lamé constants of the matrix material and μ1 and λ1 are Lamé 















(1 + 𝜈1)(1 − 2𝜈1)
 (A.26) 
where E0 and E1 are the moduli of the matrix and inclusion materials, respectively, and ν0 
ν1 are the Poisson’s ratios of the matrix and inclusion materials, respectively.  
A.2.2 Randomly Oriented Tandon-Weng Model Components  
p11 is described by the following equation: 
𝑝11 =
1 + 𝜈0
1 + 𝑐(𝑏1 − 𝑏2)
× {




4[2𝑆1212 + 𝜇0 (𝜇1 − 𝜇0)⁄ ]
} 
(A.27) −
(1 − 𝜈0)(1 + 𝑐𝑏5) + 2𝑐𝜈0𝑏3
2𝑐2𝑏3𝑏4 − (1 + 𝑐𝑏5)[1 + 𝑐(𝑏1 + 𝑏2)]




(1 − 𝜈0)𝑐𝑏4 + 𝜈0[1 + 𝑐(𝑏1 + 𝑏2)]
2𝑐2𝑏3𝑏4 − (1 + 𝑐𝑏5)[1 + 𝑐(𝑏1 + 𝑏2)]
 
The components a1, a2, a3, a4, a5, and a are as follows: 
𝑎1 = 6(𝜅1 − 𝜅0)(𝜇1 − 𝜇0)(𝑆2222 + 𝑆2233 − 1) − 2(𝜅0𝜇1 − 𝜅1𝜇0) + 6𝜅1(𝜇1 − 𝜇0) (A.28) 
𝑎2 = 6(𝜅1 − 𝜅0)(𝜇1 − 𝜇0)𝑆1133 + 2(𝜅0𝜇1 − 𝜅1𝜇0) (A.29) 
𝑎3 = −6(𝜅1 − 𝜅0)(𝜇1 − 𝜇0)𝑆3311 − 2(𝜅0𝜇1 − 𝜅1𝜇0) (A.30) 
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𝑎4 = 6(𝜅1 − 𝜅0)(𝜇1 − 𝜇0)(𝑆1111 − 1) + 2(𝜅0𝜇1 − 𝜅1𝜇0) + 6𝜇1(𝜅1 − 𝜅0) (A.31) 
𝑎5 = 1 [𝑆3322 − 𝑆3333 + 1 − 𝜇1 (𝜇1 − 𝜇0)⁄ ]⁄  (A.32) 
𝑎 = 6(𝜅1 − 𝜅0)(𝜇1 − 𝜇0)[2𝑆1133𝑆3311 − (𝑆1111 − 1)(𝑆3322 + 𝑆3333 − 1)] 
(A.33) +2(𝜅0𝜇1 − 𝜅1𝜇0)[2(𝑆1133 + 𝑆3311) + (𝑆1111 − 𝑆3322 − 𝑆3333)] 
−6𝜅1(𝜇1 − 𝜇0)(𝑆1111 − 1) − 6𝜇1(𝜅1 − 𝜅0)(𝑆2222 + 𝑆2233 − 1) − 6𝜅1𝜇1 
where Sijkl is Eshelby’s tensor, μ0 and κ0 are Lamé constants of the matrix material and μ1 
and κ1 are Lamé constants of the inclusion.  μ0 and μ1 are defined in equations (A.23) and 









where E0 and E1 are the moduli of the matrix and inclusion materials, respectively, and ν0 
and ν1 are the Poisson’s ratios of the matrix and inclusion, respectively.  
The components b1, b2, b3, b4, and b5 are as follows: 
𝑏1 = (1 16𝑎⁄ ){2𝑎3(6𝑆1122 + 𝑆2222 + 𝑆2233 − 1) + 𝑎4[3(𝑆2222 + 𝑆2233 − 1) 
(A.36) +2𝑆1122] + 3𝑎5𝑎(𝑆2222 − 𝑆2233 − 1) + 2𝑎1[3(𝑆1111 − 1) + 𝑆2211] 
−2𝑎2(𝑆1111 + 3𝑆2211 − 1) − 4𝑎 (2𝑆1212 − 1) [2𝑆1212 + 𝜇0 (𝜇1 − 𝜇0)⁄ ]⁄ } 
𝑏2 = (1 16𝑎⁄ ){2𝑎3[2𝑆1122 + 3(𝑆2222 + 𝑆2233 − 1)] + 𝑎4(6𝑆1122 + 𝑆2222 
(A.37) +𝑆2233 − 1) + 𝑎5𝑎(𝑆2222 − 𝑆2233 − 1) + 2𝑎1(𝑆1111 + 3𝑆2211 − 1) 
−2𝑎2[𝑆2211 + 3(𝑆1111 − 1)] + 4𝑎 (2𝑆1212 − 1) [2𝑆1212 + 𝜇0 (𝜇1 − 𝜇0)⁄ ]⁄  
𝑏3 = (1 4𝑎⁄ ){−2𝑎2(𝑆1111 + 𝑆2211 − 1) + 𝑎4(2𝑆1122 + 𝑆2222 + 𝑆2233 − 1) 
(A.38) 
−𝑎5𝑎(𝑆2222 − 𝑆2233 − 1)} 
𝑏4 = (1 4𝑎⁄ ){2(𝑎1 − 𝑎2)𝑆2211 + (2𝑎3 + 𝑎4)(𝑆2222 + 𝑆2233 − 1) (A.39) 
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−𝑎5𝑎(𝑆2222 − 𝑆2233 − 1)} 
𝑏5 = (1 2𝑎⁄ ){−2𝑎2𝑆2211 + 𝑎4(𝑆2222 + 𝑆2233 − 1) + 𝑎5𝑎(𝑆2222 − 𝑆2233 − 1)} (A.40) 
where Sijkl is Eshelby’s tensor, μ0 and  μ1 are Lamé constants of the matrix material 
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